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Abstract

Background: Wearable activity monitors offer clinicians and researchers accessible, scalable, and cost-effective tools for
continuous remote monitoring of functional status. These technologies can complement traditional clinical outcome measures by
providing detailed, minute-by-minute, remotely collected data on a wide array of biometrics, including physical activity and heart
rate. There is significant potential for the use of these devices in rehabilitation after stroke if individuals will wear and use the
devices; however, the acceptance of these devices by persons with stroke is not well understood.

Objective: This study investigated the self-reported acceptance of a commercially available, wrist-worn wearable activity
monitor (the Fitbit Inspire 2; Fitbit Inc) for remote monitoring of physical activity and heart rate in persons with stroke. We also
assessed relationships between reported acceptance and adherence to wearing the device.

Methods: Sixty-five participants with stroke wore a Fitbit Inspire 2 for 3 months, at which point we assessed acceptance using
the Technology Acceptance Questionnaire (TAQ), which includes 7 dimensions: perceived usefulness, perceived ease of use,
equipment characteristics, privacy concerns, perceived risks, facilitating conditions, and subjective norm. We then performed
Spearman correlations to assess relationships between acceptance and adherence to device wear, calculated as both the percentage
of daily wear time and the percentage of valid days the device was worn during the 3 weeks preceding TAQ administration.

Results: Most participants reported generally agreeable responses, with high overall total TAQ scores across all 7 dimensions,
indicating strong acceptance of the device; “Agree” was the median response to 29 of the 31 TAQ statements. Participants
generally found the device beneficial for their health, efficient for monitoring, easy to use and to don and doff, and unintrusive
to daily life. However, participant responses on the TAQ did not show significant positive correlations with measures of actual
device wear time (all P>.05).

Conclusions: This study demonstrates generally high self-reported acceptance of the Fitbit Inspire 2 among persons with stroke.
Participants reported general agreement across all 7 TAQ dimensions, with minimal concerns interpreted as being directly relatable
to poststroke motor impairment (eg, donning and doffing the device, using it independently). However, the high self-reported
acceptance scores did not correlate positively with measures of real-world device wear. Accordingly, it should not be assumed
that persons with stroke will adhere to wearing these devices simply because they report high acceptability.

(JMIR Cardio 2025;9:e70007)   doi:10.2196/70007
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Introduction

Background
Wearable devices have the potential to advance how clinicians
and researchers measure functional status by offering accessible,
scalable, and cost-effective remote monitoring tools [1,2].
Traditional outcome measures provide only a discrete snapshot

of an individual’s functional status [3-5]; emerging wearable
technologies have the potential to address this issue by providing
minute-by-minute, longitudinal data on physical activity, heart
rate, and many other biometrics from daily life that extend
beyond clinical or laboratory settings. The use of wearable
devices for remote monitoring could offer additional
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observational data on functional status measured directly in an
individual’s daily environment.

Notably, wearable devices could provide valuable insight into
recovery following neurologic damage (eg, after stroke) by
enabling granular, longitudinal assessment of activity, one of
the components of the World Health Organization’s International
Classification of Functioning, Disability, and Health model [6].
Approximately 80% of persons with stroke experience some
form of motor impairment, and around 50% continue to have
significant functional limitations 6 months poststroke [7-9].
These limitations often translate into reduced daily activity, as
persons with stroke generally walk approximately half as many
steps each day as individuals without stroke [10]. Wearable
devices provide an opportunity to monitor these functional
changes remotely and to generate insights on daily physical
activity. However, the ability to perform remote monitoring
after stroke using wearable devices is dependent on how well
persons with stroke accept these devices.

Previous Work
Wearable activity monitors such as Fitbit devices generally
show high acceptance among healthy individuals [11] and across
a range of patient groups, including older adults with cognitive
and motor impairment [12,13]. For older adults with cognitive
impairment, Fitbit-based interventions may improve motivation
for physical activity and sleep, but success is dependent on
interfaces that are easy to use [14], reduce cognitive load [15],
and are beneficial to the user [14]. In studies of persons with
minimal motor impairment, the lack of sustained Fitbit usage
and challenges to acceptance have largely been attributed to
technical issues—including empty batteries, broken devices, or
lost devices [16]—rather than usability concerns. For example,
users with multiple sclerosis reported frustration when syncing
data between devices [17].

To measure acceptance of wearable technologies across diverse
clinical populations, researchers have extensively used the
technology acceptance model due to its simplicity and strong
empirical support [18,19], with the Technology Acceptance
Questionnaire (TAQ) [13] serving as an extension of this
framework with additional factors related to user acceptance.
Numerous studies have validated this framework across many
contexts, demonstrating its predictive power in understanding
technology adoption behaviors [18-22]. While wearable activity
monitors have demonstrated varying levels of acceptance across
the general population, their perceived usability and
effectiveness in individuals with stroke remain less explored,
which prompted our use of the TAQ to assess their suitability
in this specific patient group [23].

Objective
We aimed to assess the acceptance of wearable devices in
persons with stroke. We also examined the relationship between
acceptance and adherence to wearing the Fitbit device. We
studied Fitbit devices specifically because they have been used
extensively for remote monitoring of step count, heart rate, and
energy expenditure—among other metrics—in many populations
[24]. We hypothesized that (1) acceptance of the Fitbit devices
would be variable across persons with stroke but would

generally indicate that these technologies are acceptable, useful,
and easy to use, and (2) acceptance would be significantly
associated with real-world adherence to wearing the Fitbit
device.

Methods

Recruitment
We recruited persons with stroke from the outpatient
rehabilitation clinics at Johns Hopkins Hospital through clinician
referrals and MyChart (Epic Systems) messages. The inclusion
criteria for this study were: age 18 years and older; history of
stroke (confirmed by International Classification of Diseases,
Tenth Revision [ICD-10] codes); ownership of a smartphone
and in-home Wi-Fi access; walking as a primary form of
mobility (with assistive devices allowed); and ability and
willingness to install the Fitbit mobile app on a smartphone.

After obtaining consent, the study team asked participants to
report their age, sex, race, ethnicity, handedness, and degree of
impairment. We then mailed a Fitbit Inspire 2 (Fitbit Inc) to
participants and asked them to wear it for 1 year as part of a
larger study [25]. This study focuses on a subanalysis of the
first 3 months of device use, during which the TAQ was
administered to assess participants’experiences and perceptions
of the device at the 3-month time point. As an incentive, we
allowed participants to keep the Fitbit following completion of
the study.

Study Instructions
We instructed participants to wear the Fitbit on their nonparetic
(ie, less impaired) wrist throughout the entire day, including
during sleep; if participants had difficulty donning the device
and lacked available assistance, we permitted them to wear it
on the paretic wrist. We documented the paretic side and the
wrist on which the Fitbit was worn. Then, we guided the
participants over the phone to set up the device and install the
Fitbit app on their smartphone. We instructed participants to
remove the device only when showering or charging it. We also
asked them to synchronize the device at least once per day using
the Fitbit smartphone app. Data from the Fitbit were extracted
by a custom-built app, described elsewhere [25,26]. The study
team incorporated notifications and reminders to assist with
adherence to wearing the Fitbit, as detailed in our previous work
[25].

After a participant was enrolled for 3 months, the study team
attempted to contact the participant up to 3 times to administer
the TAQ, our metric of acceptance. Each contact attempt was
documented in Research Electronic Data Capture (REDCap;
Vanderbilt University), which included the date and time of the
call, the outcome of the attempt (eg, reached, voicemail, and
no answer), the participant’s response to the assessment, and
any notes or follow-up actions required. If the participant was
reached, the team member administered the questionnaire
verbally. However, if the participant was not reached after 3
attempts, no further attempts were made to administer the TAQ.
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Technology Acceptance Questionnaire
We used the TAQ—which includes dimensions for perceived
usefulness (PU), perceived ease of use (PEOU), equipment
characteristics, privacy concerns, perceived risks, facilitating
conditions, and subjective norm—as established by Puri et al
[13]. The full questionnaire is described in Puri et al [13]. The
TAQ consisted of 31 statements rated on a 5-point Likert scale
where participants indicated their levels of agreement or
disagreement with each statement. These 31 statements covered
dimensions of PU (n=5 statements), PEOU (n=7 statements),
facilitating conditions (n=2 statements), subjective norm (n=3
statements), equipment characteristics (n=8 statements), privacy
concerns (n=3 statements), and perceived risks (n=3 statements).
We summed the scores within each dimension (“Strongly
disagree”=1 point, “Disagree”=2 points, “Neutral”=3 points,
“Agree”=4 points, “Strongly agree”=5 points). We note that,
to ensure the reliability and validity of the measure, certain
statements in the TAQ were negatively framed to mitigate
acquiescence bias [27]. As is standard, we minimized possible
response biases in which higher numerical values represent
lower agreement by applying a reverse-coding procedure to
these statements: each affected score was standardized by
subtracting it from 6 for statements 2, 10, 17, 25, and 27. This
was done before summing the scores within each dimension.
We then calculated the total TAQ score by summing the scores
from all items across all dimensions. In addition to the 31
statements, there are also 6 multiple-choice questions addressing
various aspects of device use that are not assigned to any
dimension. Finally, we also provided participants with the
opportunity to share open-ended comments about their
experiences using the devices.

Fitbit Adherence
To assess adherence, we analyzed Fitbit data from the 21 days
immediately preceding completion of the TAQ. This timeframe
was selected because the TAQ items specifically reference user
perceptions of their Fitbit over the previous 3 weeks. We
identified Fitbit wear minutes using the accelerometry package
[28] in R (R Foundation for Statistical Computing) [29]. We
calculated 2 primary adherence metrics. First, we calculated the
average percentage of time the device was worn each day by
dividing the number of wear minutes by the total minutes in a
day (1440), multiplying by 100, and averaging the daily
percentages across the 21-day period. Second, we calculated

the percentage of valid wear days as the number of days within
the 3-week window with at least 75% of 24-hour wear time (ie,
1080 or more minutes). The number of valid days was then
divided by 21 (the total days in the assessment window) and
multiplied by 100 to determine the percentage of valid days.

Statistical Analysis
We calculated descriptive statistics for the 37 individual items
of the TAQ (inclusive of the 31 Likert scale statements and 6
additional multiple-choice questions), the summed scores on
each of the 7 dimensions from the TAQ, and the summed total
score of the TAQ. We also report descriptive statistics for the
metrics of adherence. To assess relationships between Fitbit
adherence and TAQ responses, we used Spearman correlations
(due to the ordinal nature of the TAQ responses). We performed
all statistical analyses using R (version 4.4.1; R Foundation for
Statistical Computing) [29] with α=.05.

Ethical Considerations
All participants provided oral consent, as approved by the
Institutional Review Board at the Johns Hopkins University
School of Medicine (IRB00247292). All data were deidentified.
We did not provide participants with monetary compensation;
however, they were allowed to keep their Fitbit devices
following completion of the study as compensation for their
participation.

Results

Participants
Of the 108 persons with stroke contacted, 98 participants
enrolled in this study (8 individuals either did not meet the
inclusion criteria or declined to participate and 2 individuals
enrolled in the larger study but declined the Fitbit portion).
Among the enrolled participants, 4 were lost to follow-up (ie,
they could not be reached despite repeated attempts during the
3-month study period) and 8 withdrew voluntarily (ie, they
chose to discontinue their involvement after enrolling).
Furthermore, 21 participants did not complete the TAQ 3 months
postenrollment. As a result, we included 65 participants with
stroke in the final analysis. We present a participant enrollment
flow diagram in Figure 1 and summarize the characteristics of
participants included and excluded in the analysis in Table 1.
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Figure 1. Flow diagram showing participant enrollment and participation at various stages of the study. TAQ: Technology Acceptance Questionnaire.
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Table . Study participant characteristics.

Excluded participants (n=35)aIncluded participants (n=65)Characteristic

60.5 (12.5)62.4 (12.4)Age (years), mean (SD)

230.1 (367.0)1053.9 (1664.1)Days poststroke at date of enrollment, mean (SD)

—b127.8 (42.9)Days between the date of enrollment and the date
of TAQ completion, mean (SD)

Sex, n (%)

20 (57.1)37 (56.9)    Male

15 (42.9)28 (43.1)    Female

Race, n (%)

0 (0.0)2 (3.1)    American Indian or Alaska Native

1 (2.9)3 (4.6)    Asian

22 (62.9)21 (32.3)    Black or African American

10 (28.6)38 (58.5)    White or Caucasian

2 (5.7)1 (1.5)    Multiple

Ethnicity, n (%)

1 (2.9)4 (6.2)    Hispanic or Latino

34 (97.1)61 (93.8)    Not Hispanic or Latino

Use of an assistive device for walking, n (%)

13 (37.1)28 (43.1)    Yes

21 (60.0)37 (56.9)    No

1 (2.9)0 (0.0)    No response

Able to move the paretic arm, n (%)

30 (85.7)57 (87.7)    Yes

3 (8.6)8 (12.3)    No

2 (5.7)0 (0.0)    No response

Able to bring a hand from the lap to the table,
then to top of chest, and reach for object above
the table surface, n (%)

31 (88.6)56 (86.2)    Yes

2 (5.7)8 (12.3)    No

0 (0.0)1 (1.5)    Unsure

2 (5.7)0 (0.0)    No response

Severe shoulder pain that limits the ability to
move the paretic arm, n (%)

3 (8.6)12 (18.5)    Yes

31 (88.6)53 (81.5)    No

1 (2.9)0 (0.0)    No response

Fitbit worn on paretic or nonparetic wristc, n (%)

—15 (23.1)    Paretic

—49 (75.4)    Nonparetic

—1 (1.5)    Unknown

Fitbit worn on poststroke dominant or nondomi-

nant wristc, n (%)

—36 (55.4)    Dominant
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Excluded participants (n=35)aIncluded participants (n=65)Characteristic

—28 (43.1)    Nondominant

—1 (1.5)    Unknown

aThe 35 excluded participants include the 2 individuals that enrolled in the larger study but declined the Fitbit portion.
bNot applicable.
cWrist placement not available for one included participant.

Self-Reported Acceptance of Wearable Devices in
Participants With Stroke
We report percentages of responses (Strongly disagree, Disagree,
Neutral, Agree, and Strongly agree) to each of the 31 TAQ
statements rated on Likert scales, organized by dimension
(Figure 2). The 5 statements with the highest proportions of
“Agree” or “Strongly agree” responses were (in order; 2a, 2b,
and so forth indicate multiple statements with the same
proportions of responses): (1) Statement 1: “I think that
monitoring my activity and health 24 hours a day, 7 days a
week, can be a good thing;” (2a) Statement 7: “I was able to
perform my daily tasks as usual while wearing the device;” (2b)
Statement 11: “The battery life of the device meets my
expectations;” (4) Statement 18: “I was able to put the device
on in a reasonable amount of time;” and (5) Statement 20: “I
am comfortable with my health data being shared with
equipment manufacturers as long as it is shared anonymously.”

The five statements with the lowest proportions of “Agree” or
“Strongly agree” responses were (in order): (1a) Statement 25:

“Wearing the device caused me to have joint pain,” (1b)
Statement 27: “I was embarrassed to wear the device in front
of family members,” (3a) Statement 2: “I was afraid that the
device would discover a major health issue,” (3b) Statement
17: “I was concerned that the device is not securely attached to
me,” and (3c) Statement 26: “I was able to shower or bathe
normally while wearing the device.”

As statements 1a-3b are reverse-coded; thus, a lower proportion
of “Agree” or “Strongly agree” responses to these statements
indicates a more positive perception of the device. With the
exceptions of the 5 statements listed above, as well as statements
10 (“I experience skin irritations while wearing the device”)
and 15 (“I find the display of the device easy to read outdoors”),
a majority of participants responded either “Agree” or “Strongly
agree” to the remaining 24 statements. We also note that
responses to statement 26 were likely influenced by our
instructions to participants to remove the device while bathing
or showering.

Figure 2. Percentage of responses to each statement on the TAQ grouped by the 7 TAQ dimensions. EC: equipment characteristics; FC: facilitating
conditions; PC: privacy concerns; PEOU: perceived ease of use; PR: perceived risks; PU: perceived usefulness; SN: subjective norm; TAQ: Technology
Acceptance Questionnaire.
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We present group means, standard deviations (SD), medians,
and interquartile ranges (IQR) of scores for each of the 7
dimensions in Table 2 (alongside the minimum and maximum
possible scores for each dimension) and for each individual
TAQ statement in Table 3. Medians of the summed scores for
each dimension ranged from 71% in PEOU (median=25,
maximum possible score=35) to 80% in all other dimensions
(Table 2). Furthermore, all dimensions—with the exception of
PEOU—showed median scores of 4 (“Agree”) on each

individual statement (Table 3). Modestly lower scores in the
PEOU dimension were largely driven by generally less agreeable
responses to statement 15 (“I found the display of the device
easy to read outdoors”) and statement 26 (“I was able to shower
or bathe normally while wearing the device”), again noting that
participants were instructed to remove the device before bathing
or showering. The median for the total TAQ score was 76% of
the maximum possible score (median=118, maximum possible
score=155).

Table . Statistics of the responses to the Technology Acceptance Questionnaire (TAQ) dimensions and the full TAQ.

Scores, possible range (min-max)Scores, median (IQR)Scores, mean (SD)Dimension

5-2520 (17-21)19.1 (3.3)Perceived usefulness

7-3525 (23-28)25.7 (3.9)Perceived ease of use

2-108 (7-8)7.7 (1.5)Facilitating conditions

3-1512 (10-13)11.6 (1.9)Subjective norma

8-4032 (30-35)32.5 (3.5)Equipment characteristicsa

3-1512 (10-13)11.8 (2.0)Privacy concerns

3-1512 (10-13)11.9 (2.0)Perceived risksa

31-155118 (114-128)120.4 (11.8)Technology Acceptance Question-
naire

aThese dimensions have reverse items in the subscore. Perceived risks consists of all reversed questions; therefore, the entire dimension is reversed.
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Table . Statistics of the responses to each individual statement of the Technology Acceptance Questionnaire (TAQ).

Scores, median (IQR)Scores, mean (SD)Statement

4 (4-5)4.4 (0.6)24/7 activity monitoring beneficial

4 (4-5)4.0 (0.9)Afraid of discovering health issuea

4 (4-4)3.8 (0.9)Comfortable with data storage

4 (4-4)3.8 (1.1)Assistance available if needed

4 (4-5)3.9 (1.2)Wore device easily unassisted

4 (4-5)4.0 (1.1)Removed device unassisted

4 (4-5)4.4 (0.7)Daily tasks performed normally

4 (4-4)4.0 (0.9)Device easily concealed

4 (4-5)4.0 (1.0)Forgot device was worn

4 (2-5)3.6 (1.3)Experienced skin irritationa

4 (4-5)4.3 (0.6)Battery life meets expectations

4 (4-4)3.8 (0.9)Smartphone app easy to use

4 (4-5)4.1 (0.8)Device easy to use

4 (3-4)3.7 (1.0)Display easy to read indoors

3 (2-4)3.1 (1.2)Display easy to read outdoors

4 (4-4)3.9 (0.8)Pleasant to wear during night

4 (4-5)4.1 (0.8)Concerned about secure attachmenta

4 (4-4)4.0 (0.9)Device donning reasonable

4 (4-5)3.9 (1.1)No privacy concerns

4 (4-5)4.1 (0.7)Comfortable with data sharing

4 (4-4)3.9 (0.9)Necessary device knowledge

4 (3-4)3.5 (1.1)Efficient for monitoring health

4 (3-4)3.6 (1.0)Device motivated activity

4 (4-4)3.9 (0.9)Device can improve health

4 (4-5)4.2 (0.5)Device caused joint paina

3 (3-3)2.8 (0.8)Bathed normally with device

4 (4-5)4.4 (0.7)Embarrassed wearing around familya

4 (3-4)3.4 (0.9)Friends would encourage device use

4 (3-4)3.8 (1.0)Family would encourage device use

4 (3-4)3.7 (0.9)Device extends home living

4 (4-5)4.1 (0.8)Usable in various locations

aThese statements have been reverse coded to preserve directionality.

Next, we analyzed responses to the 6 multiple-choice questions
from the TAQ that did not have designated dimensions (Table
4). Most participants found the device useful, with 95.4%
(62/65) rating the information provided as either “very useful”
or “somewhat useful.” Nearly all participants (92.3%, 60/65)
expressed willingness to continue using the device to monitor
their health, and 96.9% (63/65) reported wearing the device for

15‐21 days out of the 21-day period. In terms of value, most
participants indicated a willingness to pay no more than $100
for the device. Overall, 90.8% (59/65) of participants reported
looking at their health data provided by their device. Finally,
self-perception of activity levels varied, with 64.6% (42/65) of
participants considering themselves to be active.
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Table . Responses to the Technology Acceptance Questionnaire (TAQ) multiple-choice questions.

Respondents, n (%)Questions and response options

How useful did you find the information provided by the smart wearable device (such as step count, sleep data, and heart rate) either on the wearable
itself or in the smartphone application?

36 (55.4)Very useful

26 (40.0)Somewhat useful

3 (4.6)Not very useful

0 (0.0)Not at all useful

Would you use the device you used during the last 21 days to continue to monitor or track your physical activity or health?

60 (92.3)Yes

5 (7.7)No

Over the last 21 days, how often do you think you wore the smart wearable device?

0 (0.0)Never

0 (0.0)Between 0 and 7 days

2 (3.1)Between 8 and 14 days

63 (96.9)Between 15 and 21 days

How much would you be willing to pay for the device you wore during the last 21 days?

15 (23.1)$0

17 (26.2)$1-$50

24 (36.9)$51-$100

9 (13.8)$101-$200

0 (0.0)$201-$300

0 (0.0)$300-$400

Did you find yourself looking at your health data in the smartphone application more or less often after the first few days?

21 (32.3)No, I looked at the health data fairly consistently throughout the 21-day
period

28 (43.1)Yes, I looked at the health data more often after the first few days of use

10 (15.4)Yes, I looked at the health data less often after the first few days of use

6 (9.2)I did not look at my health or am not interested in monitoring it

Do you consider yourself to be an active person?

42 (64.6)Yes

23 (35.4)No

Relationships Between Self-Reported Acceptance and
Fitbit Adherence
Overall, participants wore the Fitbit for an average of 80.0%
(SD 24.7%) of the total minutes in a day, with a median wear
time of 91% and an IQR of 22%. Wear time exceeded the
threshold needed to be considered a valid wear day on 78.0%
(SD 25.8%) of days, with a median of 90% and an IQR of 33%.
The scatterplots in Figures 3 and 4 show relationships between

the summed scores of the different TAQ dimensions (as well
as TAQ total scores) and the percentages of wear time and valid
wear days (days with ≥1080 wear minutes), respectively.
Contrary to our hypothesis, there were no statistically significant
positive relationships between TAQ dimension summed scores
or total score and Fitbit adherence metrics. We did, however,
observe 2 small but statistically significant negative associations:
between PU and percent wear time (ρ=−.27; P=.03) and between
PU and the percentage of valid wear days (ρ=−.26; P=.04).
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Figure 3. Scatterplots showing relationships between summed scores for each TAQ dimension (as well as total TAQ scores) and Fitbit wear time.
Asterisks (*) indicate statistically significant relationships (P<.05). EC: equipment characteristics; FC: facilitating conditions; PC: privacy concerns;
PEOU: perceived ease of use; PR: perceived risks; PU: perceived usefulness; SN: subjective norm; TAQ: Technology Acceptance Questionnaire.

Figure 4. Scatterplots showing relationships between summed scores for each TAQ dimension (as well as total TAQ scores) and valid Fitbit wear days.
Asterisks (*) indicate statistically significant relationships (P<.05). EC: equipment characteristics; FC: facilitating conditions; PC: privacy concerns;
PEOU: perceived ease of use; PR: perceived risks; PU: perceived usefulness; SN: subjective norm; TAQ: Technology Acceptance Questionnaire.

Open-Ended Comments on the Devices
Participants provided a series of positive and negative comments
about their experiences with the devices. Themes of positive
comments included the ability to monitor real-time heart rate,
the use of step count data as motivation to increase activity, and
the provision of sleep data. Themes of negative comments
included difficulties donning and doffing the device, technical
challenges with the associated mobile app, difficulty reading
the screen on the device, and concerns that other wearables and
smartwatches might provide more relevant or more
comprehensive data.

Qualitatively, we did not find any consistent themes in the
open-ended comments that related to adherence to wearing the
device. For example, among participants who wore the device
for fewer than 50% of possible minutes (n=8), we observed that
most of the comments were largely positive in nature. These
participants reported that the Fitbit provided useful step count
information, helped them stay on track with physical activity,
and offered useful sleep data. The only negative comments were
centered around the potential utility of additional training for
using the device and the small size of the device screen.

Discussion

Principal Findings
Our study examined self-reported perceptions of the Fitbit
Inspire 2 wearable activity monitor among individuals with
stroke, as measured by the TAQ. A majority of the participants
thought the device was beneficial for their health, efficient for
monitoring their health, easy to use and to don and doff, and
unintrusive to daily life; one notable exception was the response
to the statement “I find the display of the device easy to read
outdoors.” Generally, participants did not express significant
concerns about privacy or data security, consistent with previous
studies [30,31]. Contrary to our hypothesis, more agreeable
responses to the TAQ statements were not associated with higher
average daily wear time and valid wear days at a statistically
significant level.

Comparison With Previous Work
The findings of our study are consistent with previous literature
demonstrating acceptance of wearable activity monitors in other
populations [13,32-36]. Given the growing interest in using
wearables for activity monitoring and telerehabilitation after
stroke [26,37-40], it is important to consider not only their
potential benefits but also the potential challenges related to
low levels of physical activity and cognitive and motor
impairments that may affect this population’s acceptance and
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engagement [10,41,42]. There were no commonly reported
acceptance concerns that we deemed likely to be related to
poststroke motor impairment. For example, participants widely
agreed with the statements “I was able to wear the device easily
without help from another person,” “I find the device easy to
use,” “I was able to put the device on in a reasonable amount
of time,” and “I was able to remove the device easily without
help from another person.” These findings complement recent
studies demonstrating the perceived value and user satisfaction
of wearable technologies in stroke rehabilitation [43-45] and
support a path toward scalable implementation of remote
monitoring with wearable devices. This is likely due in part to
the flexibility we allowed in permitting participants to wear the
device on their paretic side if needed, accommodating individual
motor abilities.

We also highlight that the study participants reported generally
agreeable responses across all 7 dimensions of the TAQ.
Previous work highlighted that technical and usability issues
(eg, requiring a mobile app to sync the data from the device to
the server) may affect the PU of wearable devices [16]; however,
we did not observe this in our sample. This is potentially because
any technical difficulties were often addressed via interactions
with the study team. Our findings across the different
dimensions were largely similar to those reported in a previous
sample of older adults [13]. It is important to emphasize that
monitoring of device adherence may be necessary despite the
high reported acceptance. Our findings did not support the
hypothesis that higher user acceptance as measured by the TAQ
would correlate with adherence to wearing the device, as we
did not observe statistically significant positive correlations
between TAQ responses and our measures of adherence.
Furthermore, we found that 5 participants reported that they
had worn the device for at least 15 of the preceding 21 days (in
response to the multiple-choice question) but provided fewer
than 15 days of Fitbit data. This revealed that high reported
acceptance of the device does not guarantee that a patient or
research participant will necessarily adhere to wearing the device
in everyday life. Technologies that help to automate oversight
of device wear and messaging to promote adherence will be
important for ensuring data quality [46].

The correlational analyses indicated small but significant
negative associations between the PU score and both adherence
metrics. These results are contrary to our hypotheses, which
were grounded in the technology acceptance model and related
literature, where PU is typically positively associated with
adoption behaviors [47,48]. Existing studies have shown that
higher PU is often associated with sustained use of technology
across various domains [49-51], including health care settings
[52-55]. Our findings may be attributed to the specific context
in which the wearable device was used. Unlike most previous
technology adoption studies where participants voluntarily
adopted technology based on its usefulness, our study cohort
used the Fitbit as part of their participation in a research study.
This mandated context could have influenced PU differently
from typical motivational factors driving technology adoption,
as individuals may have rationalized their behaviors based on
the rewards of participating or the consequences of
noncompliance. It is possible that participants did not view the

Fitbit as inherently useful for their health recovery goals but
instead perceived it as a tool for fulfilling study requirements.
They may have also overreported PU due to social desirability
(ie, aiming to please the study team). While survey responses
suggest that most participants agreed that the device could
improve health and monitor well-being efficiently, these
endorsements may reflect a general perception of health
technology utility rather than a personalized alignment with
stroke recovery needs. Consequently, their assessment of PU
may reflect this externally driven motivation rather than genuine
alignment with personal health management goals.

As the push toward clinical use of wearables in stroke
rehabilitation continues to move forward, it is also important
to consider the needs and perspectives of all key
stakeholders—patients, their family members and caregivers,
and clinicians—in addition to the device acceptance reported
by participants in our study. Recent studies have provided vital
information regarding how persons with stroke prefer to receive
data from wearables and identified a set of metrics deemed most
useful [23]; incorporated perspectives from patients and
clinicians on the value of using wearables and identified
preferences for incorporation into clinical care [44]; and
demonstrated important design considerations for adoption of
the wearables and accompanying smartphone apps as outlined
by persons with stroke [45]. For example, considering the
difficulty of donning and doffing, an alternative strap such as
a Velcro strap instead of the original buckle band may improve
usability. Future work should consider these multifaceted
aspects—patient acceptance, patient and clinician data provision
preferences, and device design—as we move closer to clinical
implementation of wearables in stroke rehabilitation.

Limitations
We acknowledge some limitations in our study. First, our sample
was heterogeneous regarding stroke chronicity. Accordingly,
we did not design this study to assess how wearable device
acceptance may differ across stages of stroke recovery (eg,
acute, subacute, and chronic). However, this diversity in stroke
recovery stages could be beneficial, as it reflects the clinical
reality in which wearable devices in stroke rehabilitation should
not discriminate based on recovery stage but rather be accessible
and valuable to patients at various points in their recovery.
Second, we only used the Fitbit Inspire 2 device. While we
anticipate that many of our findings may generalize across
different models of commercially available wearable devices
due to the nature of the statements included in the TAQ, we do
not have data to support this directly. Third, we focused on the
TAQ to provide information about device acceptance in
particular. We did not use other instruments that could provide
additional data on other aspects of patient perceptions about
wearable devices (eg, the System Usability Scale for assessment
of usability). Finally, our study focuses on individuals who own
smartphones and have home Wi-Fi. This digital access criterion
may have biased the sample toward more tech-savvy or
higher-functioning individuals.

Conclusion
This study reported the perceived acceptance of a wrist-worn
activity monitor among persons with stroke. In response to
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statements on the TAQ, participants with stroke generally
reported the device to be beneficial for their health, useful for
monitoring their health, easy to use, and minimally intrusive.
We observed generally agreeable responses to TAQ statements
across all 7 dimensions of the instrument. Contrary to our
hypothesis, more agreeable responses to the TAQ statements

were not positively correlated with metrics of device wear,
indicating that adherence to wearing the device should not be
assumed even when participants report high device acceptance.
In summary, this study provides new information about the
acceptance of wearable activity monitors among persons with
stroke and its association with real-world device wear.
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Abstract

Background: Baroreflex sensitivity (BRS) is the body’s ability to adjust heart rate (HR) to control blood pressure. Traditionally,
BRS is quantified by measuring HR changes (obtained via an electrocardiogram [ECG]) following alterations in arterial pressure
(conventionally measured through an arterial line). However, the invasiveness of arterial line necessitates alternatives, such as
the volume clamp method and the less invasive pulse photoplethysmography (PPG). Notably, the PPG method is also suitable
for continuous and free-living conditions.

Objective: This study aims to compare PPG-based features for BRS determination based on the volume clamp method and
gold standard arterial line. Data from a previous study was used where the primary analysis focused on evaluating the accuracy
of PPG-derived HR variability, while this analysis quantifies BRS by measuring HR changes following alterations in arterial line
pressure or less invasive alternatives. In addition, we investigate the feasibility of assessing BRS patterns over 24 hours using
data from a single volunteer.

Methods: A total of 28 male volunteers (age 52, SD 7 y; BMI 27, SD 4 kg/m2) equipped with four sensing modalities: (1)
arterial line [ABP], (2) infrared PPG, (3) volume clamp finger pressure (VCP), and (4) ECG, performed a protocol of 3 repetitive
sessions in supine position. For the extended feasibility of continuous BRS measurement, ECG and PPG data were acquired for
24 hours in free-living conditions from a normotensive male volunteer (33 y). BRS index was calculated within the low-frequency
window (0.04‐0.15 Hz) averaging over all trials for each intervention and participant. A transfer function was estimated with
systolic blood pressure (SBP) or its surrogate as input and HR (from the ECG) as output.

Results: PPG-based BRS features, specifically the rise-decay time ratio (RDRatio) and pulse arrival time (PAT), demonstrate
intraparticipant precision of 44% and 23%, respectively, with interparticipant variation of 91% and 53%. The correlation of
BRSPAT,PPG and BRSRDRatio,PPG with the gold standard BRSSBP,ABP (SBP) is 0.66 and 0.56, respectively. During intervention, the
correlations remain high for BRSRDRatio,PPG (rest: 0.75, paced-breathing: 0.50, and handgrip: 0.46) and BRSPAT,PPG (rest: 0.69,
paced-breathing: 0.52, and handgrip: 0.62). In the 24-hour data, the BRSPAT,PPG and BRSRDRatio,PPG exhibit changes during the
day corresponding to the activity levels and SBP variations. Notably, during the night, a cyclic rhythm is observed for both
BRSPAT,PPG and BRSRDRatio,PPG.

Conclusions: This study demonstrates that in male volunteers, PPG-based PAT and RDRatio BRS serve as suitable surrogates
for gold-standard BRS derived from arterial line, showing the highest correlation and comparable intraparticipant coefficient
variation. Furthermore, they show expected changes during controlled activities and a 24-hour feasibility test in free-living
conditions.

(JMIR Cardio 2025;9:e54771)   doi:10.2196/54771

KEYWORDS

photoplethysmography; pulse arrival time; pulse transit time; blood pressure; pulse wave analysis; heart rate; heart rate variability;
baroreflex; arterial line; circadian rhythm; heart; arterial; arterial line; feasibility; systolic blood pressure; cyclic rhythm; feasibility
test; baroreceptor sensitivity
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Introduction

The baroreflex is a feedback system controlling arterial blood
pressure (ABP). Stretch receptors in the aortic arch wall and
carotid sinuses sense the changes in ABP. When arterial
transmural pressure increases, the baroreflex responds by
lowering heart rate (HR) and decreasing cardiac contractility
and reducing peripheral vascular resistance, and vice versa [1].

Baroreflex sensitivity (BRS) refers to the body’s ability to adjust
HR in response to changes in blood pressure (BP). Maintaining
this hemodynamic homeostasis is a continuous process and of
vital importance to healthy organ perfusion. A decrease in
baroreflex sensitivity is associated with (persistent)
hypertension, heart failure, poor outcome after stroke and kidney
failure [2-8].

BRS can be modeled in both the time and frequency domain.
Traditionally, it is quantified by measuring the HR changes
following variations in arterial pressure. The sequence method
is a time-domain method in which 3 or more consecutive beats
with progressively increasing or decreasing arterial pressure are
followed by a progressive increase or decrease of HR [9]. The
frequency domain or spectral analysis is applied on continuous
electrocardiogram (ECG) and arterial pressure signals assuming
changes in arterial pressure and HR, induced by the baroreflex,
are oscillations in the same frequency band. In the frequency
domain analysis, different strategies are used, including
nonparametric transfer function, parametric transfer function,
and the phase rectified signal averaging method [1,7]. The most
used BRS method calculates the spectral relationship between
the input signal, commonly the systolic blood pressure (SBP)
obtained from the continuous arterial pressure signal, and the
output signal, commonly the RR interval (interbeat time interval
based on R-peak of ECG) obtained from the ECG [7,10]. The
BRS is typically quantified as the average spectral gain within
the low frequency (LF; 0.04‐0.15 Hz) or high frequency (HF;
0.15‐0.40 Hz) window [7,8,10,11].

The gold standard for measuring arterial pressure is directly
through an arterial line, that is, a (fluid-filled) catheter inserted
into an artery. However, due to the invasiveness of this
technique, alternative methodologies are necessary. A commonly
used alternative is the continuous finger BP measured using the
volume clamp method. This method uses a 2-sensor system that
combines photoplethysmography (PPG) and a pressure sensor
[12,13]. Previous investigations have revealed that, depending
on the device, the variability of the systolic pressure has been
overestimated by 78% and 103% in the low-frequency band
[13]. In addition, the same investigation demonstrated an
underestimation of the baroreflex sensitivity by −24% or −31%.
Another, more indirect method to estimate ABP is through PPG,
currently predominantly used in research settings [14]. PPG
measures the blood volume pulse through light transmission
instead of a direct pressure pulse. The PPG signal is composed
of a pulsatile (“AC” [alternating current]) and baseline (“DC”
[direct current]) part. The AC part reflects the changes in blood
volume and is divided into a systolic phase (from foot to primary
peak) and a diastolic phase (from secondary peak to foot)
[15,16]. The PPG volume pulse contour is related to a pressure

pulse [17]. Primary peak amplitude, referred to as systolic
amplitude, has been related to stroke volume and changes under
the influence of vasomotor tone and blood volume [15,16].
Different features have been proposed relating PPG with BP,
including pulse arrival time (PAT), pulse width, reflection index,
and PPG variability [18]. PAT is the time between the electrical
activation of the left ventricle, obtained with ECG, and the
arrival of the wave in the periphery. PAT is known to be related
to the BP or SBP [14]. As BP increases, the apparent arterial
stiffness increases and PAT decreases. Besides this inverse
relation, PAT is also determined by the pre-ejection period, that
is, the time between electrical activation and opening of the
valve of the left ventricle. PPG has also been related to systemic
vascular resistance and vasomotor tone. The DC component of
the PPG and pulse width are determined by, among other things,
the vasomotor tone [16,19-21]. Pre-ejection period change,
related to change in cardiac contractility, can also be derived
from the PPG signal [22,23]. Hence, PPG contains more
baroreflex-related information than just arterial pressure. It has
been used to determine BRS and is most often compared to
BRS, based on the volume clamp method [10,24-26]. To the
best of our knowledge, BRS obtained from invasive arterial
pressure, volume clamp finger pressure (VCP), and PPG have
not been compared directly.

Continuous BRS measurements in a free-living condition could
elucidate the variation of the BRS and its potential interaction
with the circadian rhythm. BRS over a 24-hour period is useful
to monitor autonomic nervous system (dys)function at night in
the absence of other influences, to relate it to sleep stages, for
example, in patients with prediabetes [27], older adults [28], or
patients with hypertension [29,30]. Long-term free-living
monitoring requires a minimally obtrusive wearable solution,
which could be PPG, for instance. To reliably use PPG for BRS
determination, it is important to understand the benefits and the
disputes compared to a direct BP measurement from the arterial
line.

This study aims to better understand which PPG-based features
for BRS determination perform best in comparison to BRS
based on the volume clamp method and gold standard arterial
line. In addition, this study, in extension, also aims to assess
the feasibility of assessing BRS patterns over 24 hours by means
of a single volunteer.

Methods

Overview
This study involves a secondary analysis of an existing dataset
[31]. The primary analysis focused on evaluating the accuracy
of PPG-derived HR variability (HRV) [31], while in this
analysis, the baroreceptor sensitivity is quantified by measuring
HR changes following alterations in arterial line pressure or
less invasive alternatives.

Datasets: Arterial Line Interventional Study
The interventional dataset was used to analyze the differences
and similarities between BRS derived from invasive arterial
line BP, VCP, and PPG. More details can be found in [31]. In
summary, 28 male healthy volunteers (aged 52, SD 7 y; BMI
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27, SD 4 kg/m2, SBP 130, SD 12 mm Hg). Participants were
equipped with four sensing modalities (see Figure 1): (1) arterial
line inserted into radial artery on the nondominant arm, (2)
infrared PPG at the index finger of the same arm (Biopac
PPG100C, 240 Hz), (3) Finapress Nova at middle finger of the
same arm, and (4) ECG in lead II configuration (Biopac
ECG100C, 240 Hz). Participants performed a protocol of 3
repetitive sessions in supine position with the arm resting

alongside the body. Each session included several interventions,
namely two times paced breathing at 7 breaths for 3 minutes.
A handgrip intervention during which the participant was asked
to squeeze in a handgrip as much as possible for one and a half
minutes using their dominant hand. In addition, a dedicated rest
period where the participants were asked to close their eyes for
2 minutes. Extra (unlabeled) transition time was allocated in
between activities.

Figure 1. Overview of the steps to compute baroreceptor sensitivity (BRS) indices with example for pulse arrival time (PAT) based on
photoplethysmography (PPG). ECG: electrocardiogram; RR: interbeat time interval based on R-peak of ECG.

Ambulatory 24-Hour Study
In addition, a single 24-hour recording on a healthy volunteer
was used to demonstrate BRS trends under free living
conditions. In a normotensive male (33 y), a wearable prototype
developed by imec was placed that recorded ECG and PPG for
24 hours. The ECG was placed in lead II configuration, and the
transmissive PPG sensor Nonin 8000J was placed on the left
index finger. In addition, an ambulatory BP measurement device
(Suntech Medical Oscar2) recorded cuff-based oscillometric
BP from the left upper arm in intervals of 15 and 30 minutes
during the day and night, respectively. This was a regular office
day, including 8 hours of sleep, 2 walks, and office work behind
a desk.

Ethical Considerations
The interventional study dataset was collected at Ziekenhuis
Oost-Limburg in Genk, Belgium, and has been approved by the
institutional review board (ethical committee approval 16/039U).
All enrolled participants were compensated with a US $135
voucher. The ambulatory 24-hour feasibility data have been
approved by the institutional review board of imec The
Netherlands in Eindhoven, the Netherlands.

Both studies were conducted under the principles of the
Declaration of Helsinki. All eligible participants were given the
right to refuse participation and the right to withdraw from the
study at any time. Written informed consent was collected from
all participants before participation. To protect the participants’
privacy, all data collected from this study were kept confidential
and anonymized and were only accessible to the members of
the research team.

Data Analysis and Statistics

Data Preprocessing
Data was processed and analyzed using Matlab R2022a
(Mathworks). The relevant features in the pulse waveforms
were computed from fiducial points detected in the first
derivative signal, as described in detail by Fedjajevs et al [32]
(see Figure 2). In brief, all data was band-pass filtered using a
Butterworth low-pass filter with the cutoff at 10 Hz and
high-pass filter acting as a differentiator. The differentiated
signal is used to first find the upstroke, the local maximum of
the differentiated signal. Next, the other fiducial points—peak,
foot, shoulder, secondary peak, and dicrotic notch—were
extracted using adaptive thresholding. Timestamps of the
fiducial points are used to calculate the rise and decay times,
amplitudes, and their ratios.

JMIR Cardio 2025 | vol. 9 | e54771 | p.24https://cardio.jmir.org/2025/1/e54771
(page number not for citation purposes)

Witteveen et alJMIR CARDIO

XSL•FO
RenderX

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


Figure 2. Visual representation of the features as described. Dashed line is the electrocardiogram (ECG) signal, the solid lines the pulse waveform
from either photoplethysmography (PPG), volume clamp or arterial line, and first derivative of the PPG (PPG’).

Features
Features were computed per beat for all pulse waveforms, that
is, PPG, volume clamp, and arterial line. Figure 2 shows a visual
representation of the derived features. Peak amplitude (PA) is
the amplitude of the first peak of the PPG. Pulse upstroke was
defined as the amplitude of the peak in the first derivative of
the PPG signal. Pulse arrival time (PAT) was defined as the
delay between the R-peak from the ECG and the pulse upstroke
in the PPG. Rise-Decay Ratio (RDRatio) was defined as the
ratio between the rise time (10% to 70% of the peak amplitude
in the systolic phase) and decay time (70% to 10% of the peak
amplitude in the diastolic phase).

Volume clamp and arterial line features were derived in a similar
manner as described for PPG and are indicated by the respective
subscripts V (volume clamp) and A (ABP). SBP is the peak
amplitude of either pressure pulse wave.

Transfer Function
BRS indices of various modalities were calculated in the low
frequency window (0.04‐0.15 Hz) taking the average over all
trials per intervention per participant. Data was resampled to 4
Hz, and a first-order trend was removed. A transfer function
was estimated with feature (SBP or surrogate) as input and HR
(RR interval derived from the ECG) as output. The transfer

function was defined as the ratio of the cross power spectral
density of the input (x, respectively BP) and output (y,
respectively RR interval) and the spectral density of the input
(x):

(1)H(f)=PxyPxx=Pfeature∗RRPfeature∗feature

Coherence levels were determined between SBP (or a surrogate
feature) and RR interval for each BRS index. Considering the
number of unique data points per segment (120 data points with
50% overlap), the threshold coherence at 95% CI is set at 0.14
[33,34].

Analysis of Arterial Line Data
A structured analysis was done based on different BRS indices,
calculated using the RR intervals from the ECG as input and as
output the SBP from the arterial line (BRSSBP,A as gold
reference) or other features as potential surrogates. The analysis
included the following steps: Step 1, the direct comparison of
BRS based on the SBP for the arterial line (BRSSBP,ABP) and
volume clamp (BRSSBP,V) and the corresponding feature peak
amplitude of the PPG (BRSPeakAmp,PPG). Step 2, the comparison
of various features (upstroke, PAT, and RDRatio) obtained from
the arterial line sensor, as this is the signal that is the most direct
BP recording with the highest signal to noise ratio. Followed
by step 3, the comparison of BRS obtained from the same
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features (SBP or PeakAmp, upstroke, PAT, and RDRatio) from
arterial line and PPG. Finally, step 4 a comparison of BRS based
on different features (SBP or PeakAmp, pulse upstroke, PAT,
and RDRatio) obtained from volume clamp and PPG with the
gold reference, namely BRS obtained from arterial line SBP.

Statistical Analysis
For each participant and intervention, BRS measures were
computed across all modalities and features. To mitigate the
impact of outliers, we calculated the BRS index as the median
value derived from three repeated measurements. The precision
of each BRS index within each participant (intraparticipant
precision) was determined by calculating the SD of the error.
This error is the difference between the median of the participant
and the individual values. The result was then expressed as a
percentage of the mean BRS indices across all participants.
Variation between participants (interparticipant variation) was
calculated by determining the SD of the BRS indices. This was
also expressed as a percentage of the mean BRS indices across
all participants. In the final analysis, the correlation among the
various BRS indices was determined using both Pearson and
Spearman correlation methods, as not all BRS indices were
normally distributed. It is important to note that the results from
both the parametric (Pearson) and nonparametric (Spearman)
methods were largely similar. Therefore, for simplicity, only
the results derived from Pearson correlation analysis are
reported. The level of statistical significance was set to .05.

Analysis 24-Hour Data
The 24-hour dataset was processed in the same way as the
interventional dataset with additional windowing. Based on
results from arterial line data, PAT and RDRatio were selected
as the best option for 24-hour BRS features (see Results and
Discussion). From the filtered continuous ECG and PPG data
acquired by the wearable prototype, beat-to-beat RR intervals,
PAT, and RDRatio were computed. Both raw signals and
extracted features were (dis)qualified based on an integration
of 5 objective criteria:

First, any beat-to-beat samples 15 seconds before and 60 seconds
post the cuff inflation due to occlusion.

Second, beat segments in the PPG signal were qualified using
a proprietary signal-to-noise ratio (SNR) algorithm wherein a
reference signal template is defined by 5 consecutive beats, and
the noise impacting the signal morphology (eg, due to motion)
is defined as the deviation of individual beats from this template
and disqualified by empirical thresholds.

Third, absolute thresholding of beat-to-beat PAT samples
deviating from a physiologically valid range, under the
assumption of a fixed distance and pulse wave velocities from
2 to 10 m/seconds.

Fourth, variability thresholding of drastic beat-to-beat changes
in HR and PAT deviating from physiologically valid ranges of
HRV and PAT variability (respectively sympathetic changes
in BP and arterial stiffness).

Fifth, disqualification of 1-minute epochs of persistent low
quality, wherein the more robust ECG signal defines the
expected number of cardiac cycles, and at least 50% of the PPG

beats ought to be present and not undetected or disqualified by
the previous criteria.

From here, BRSPAT,P and BRSRDRatio,P were calculated over a
4-minute sliding window (75% overlap), whereafter the median
was taken from all BRS values exceeding the coherence
threshold of 0.14 within a 1-hour sliding window (75% overlap).
Cuff-based BP was measured every 15 minutes during the day
and every 30 minutes during the night, providing at least two
reference BP measurements included within the 1-hour sliding
window. BP readings were qualified for validity by proprietary
software of the ambulatory BP monitor (Suntech Medical
Oscar2). The participant was also asked to stand still during the
cuff inflation, which ensures stable ECG and PPG signals from
the wearable system. For all clarity, no BRS was computed
from the ambulatory cuff BP due to overlong sampling intervals.
The BRS coherence was calculated over 4-minute windows per
feature, and the median coherence for the subsequently
computed 1-hour window held only the samples above the
coherence threshold. Furthermore, given the longitudinal
character of the 24-hour dataset, HRV as an indicator of
autonomous nervous system activity was computed for relevant
frequency bands: high frequency HRVHF, reflecting the
parasympathetic-driven respiratory band around 15 cycles per
minute or 0.25 Hz on average, and the low frequency HRVLF,
reflecting baroreflex activity (balanced by sympathetic &
parasympathetic activity) around 6 cycles per minute or 0.1 Hz
on average [35]. Consistent with other features, the HRV indices
were also averaged with a 1-hour sliding window. Ultimately,
for visual inspection, all 1-hour averaged features are displayed
on a time grid of 15-minute intervals.

Results

Arterial Line Intervention Study
The dataset consisted of 28 male volunteers. Per participant, 3
sessions were recorded of several interventions, including the
interventions analyzed here: rest, paced breathing, and handgrip.
A total of 420 segments were analyzed to extract BRS values
of different (surrogate) features. By averaging over the repeated
measures, we obtained 140 data points for each participant and
each intervention.

For all participants and interventions, the mean of the
BRSSBP,ABP and BRSSBP,VCP were 8.1 (SD 3.0) milliseconds/mm
Hg and 6.6 (SD 3.0) milliseconds/mm Hg, respectively, with
intraparticipant precision of 15% for BRSSBP,ABP and 21% for
BRSSBP,VCP, respectively. The PPG-based features show mean
values of 3.2 (SD 1.9) au for BRSPeakAmp,PPG, 93 (SD 60) au for
BRSUpstroke,PPG, 1.8 (SD 1.7) milliseconds for BRSRDRatio,PPG,
and 7.7 (SD 4.1) milliseconds/milliseconds for BRSPAT,PPG.

The intraparticipant precision for the PPG-based features is on
average higher: 54% for BRSPeakAmp,PPG, 56% for
BRSUpstroke,PPG, and 44% for BRSRDRatio,PPG. The intraparticipant
precision of the BRSPAT,PPG approaches that of the traditional
BRS index (23% for BRSPAT,PPG, compared to 20% and 26%
for BRSSBP,ABP and BRSSBP,VCP, respectively). In all cases, the
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interparticipant variation (37% for BRSSBP,ABP, 46% for
BRSSBP,VCP, 59% for BRSPeakAmp,PPG, 64% for BRSUpstroke,PPG,
91% for BRSRDRatio,PPG, and 53% for BRSPAT,PPG) exceeded the
intraparticipant precision.

As described in the methods section, analysis was done in a
step-by-step approach.

Step 1
Direct comparison between the peak amplitude feature between
sensor modalities showed that the correlation between
BRSSBP,ABP and BRSSBP,VCP was 0.78. A lower correlation was

found between the BRSSBP,ABP and BRSPeakAmp,PPG (r=0.59)
and BRSSBP,VCP and BRSPeakAmp,PPG (r=0.56). These correlations
were all highly significant. Note that the absolute values of the
BRSPeakAmp,PPG cannot be compared to those of the SBP-based
BRS values as the unit is different.

Step 2
In Table 1, the correlation of BRS obtained from different
features from the arterial line sensor showed that BRSSBP,ABP

varied from strong to moderate for the different surrogate
features BRSRDRatio,ABP (r=0.66), BRSUpstroke,ABP (r=0.54), and
BRSPAT,ABP (r=0.46), all P<.05

Table . Correlation of baroreceptor sensitivity between alternative features derived from arterial line and systolic blood pressure from arterial line.
Pearson’s correlation between baroreceptor sensitivity index (BRS) of features extracted from arterial line with respect to the gold-standard reference
feature systolic blood pressure from arterial line (BRSSBP,ABP). For details about the features, see Figure 2 and the Methods section.

CorrelationArterial line features

0.46aBRSPAT,ABP

0.54aBRSUpstroke,ABP

0.66aBRSRDRatio,ABP

aIndicates significant correlation (P<.05). BRSPAT,ABP, BRSUpstroke,ABP, and BRSRDRatio,ABP are BRS surrogate indices obtained from arterial derived
features pulse arrival time, upstroke gradient, and rise time-decay time ratio, respectively.

Step 3
Comparing the same feature between arterial line and PPG
sensor modalities revealed that for peak-amplitude and upstroke

derived BRS indices, the correlation was moderate and weak,
respectively. In contrast, the correlation between PAT and
RDRatio derived BRS indices across the sensor modalities was
strong (see Table 2).

Table . Correlation between baroreflex sensitivity (BRS) extracted from arterial line (ABP) and PPG. BRS from arterial line (subscript ABP) and
photoplethysmography (PPG or subscript PPG) using different features namely, systolic blood pressure (SBP), peak amplitude (PeakAmp), pulse arrival
time (PAT), pulse upstroke (Upstroke) and rise time-decay time ratio (RDRatio). For details about the features, see Figure 2 and the Methods section.
The primary peak (PeakAmp) of arterial line data is the systolic blood pressure (SBP).

Correlation (Arterial line vs PPG)PPGaArterial line

0.59bBRSPeakAmp,PPGBRSSBP,ABP

0.75bBRSPAT,PPGBRSPAT,ABP

0.29bBRSUpstroke,PPGBRSUpstroke,ABP

0.49bBRSRDRatio,PPGBRSRDRatio,ABP

aPPG: photoplethysmography.
bIndicates significant correlation (P<.05).

Step 4
Figure 3 shows the comparison of features derived from the
PPG, as target sensor, and arterial line SBP, as gold standard
or volume clamp. All correlations in step 4 were significant. As
expected, the best correlation was observed between BRSSBP,ABP

and BRSSBP,VCP (r=0.78). The PPG-based BRS surrogates had
a strong to moderate correlation with BRSSBP,ABP, where
BRSPAT,PPG (0.66) had slightly higher values compared to
BRSPeakAmp,PPG, BRSRDRatio,PPG, and BRSUpstroke,PPG (0.59, 0.56,

and 0.54, respectively). However, when BRSSBP,VCP was used
as an alternative reference to BRSSBP,ABP in the PPG-based
surrogates that are based on PPG timing, a lower correlation
was found with BRSSBP,VCP with respect to BRSSBP,ABP (0.52
vs 0.66 and 0.46 vs 0.56 for PAT and RDRatio, respectively).
In contrast, the PPG amplitude derived parameters, that is,
PeakAmp and upstroke had similar or even higher correlation
with BRSSBP,VCP compared to BRSSBP,ABP (0.56 vs 0.59 and
0.64 vs 0.54, respectively; see Figure 3).
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Figure 3. Correlation of baroreflex sensitivity (BRS) indices based on a selection of photoplethysmography (PPG) features with BRS from systolic
blood pressure measured by arterial line (BRSSBP,ABP, black) and the volume clamp method (BRSSBP,VCP, gray). The BRS indices from PPG features
BRSPAT,PPG, BRSPeakAmp,PPG, BRSUpstroke,PPG, and BRSRDRatio,PPG are based on PPG and use pulse arrival time, peak amplitude, upstroke gradient,
and rise time-decay time ratio, respectively. All correlations were significant (P<.05).

Interventions
The gold-standard BRS, derived from arterial line SBP
(BRSSBP,ABP), exhibited an 11% increase during paced breathing
and a 22% decrease during handgrip, compared to rest (see
Figure 4). A similar pattern was observed for BRSSBP,VCP and
BRSPAT,PPG. However, the increase in BRS during paced
breathing was more pronounced for these indices (58% and
42%, respectively). The BRSRDRatio,PPG showed a comparable
increase (54%) during paced breathing as BRSSBP,VCP and
BRSPAT,PPG, but its reduction during handgrip was more
significant (60%). The changes in BRS calculated from the

other features BRSPeakAmp,PPG and BRSUpstroke,PPG were
considerably larger during paced breathing with increases of
133% and 155% respectively. At rest, the correlation between
BRSSBP,ABP and both BRSSBP,VCP and BRSPAT,PPG was similar.
However, during paced breathing, the correlation with
BRSSBP,ABP decreased for BRSPAT,P but increased for
BRSSBP,VCP (see Table 3). The correlation between the other
surrogate indices and the arterial line was generally lower across
interventions, with the exception of BRSRDRatio,PPG, which
showed a high correlation with BRSSBP,ABP under rest
conditions.
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Figure 4. Baroreflex sensitivity (BRS) indices of different features for each intervention, namely: rest, paced breathing (pacedB), handgrip. BRSSBP,ABP,
BRSSBP,VCP are BRS indices based on systolic blood pressure measured by arterial line and volume clamp method, respectively. BRSPAT,PPG,
BRSPeakAmp,PPG, BRSUpstroke,PPG, BRSRDRatio,PPG are BRS indices measured using photoplethysmography using pulse arrival time, peak amplitude
upstroke, and rise time-decay time ratio, respectively.
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Table . Correlation between baroreflex sensitivity (BRS) extracted from volume clamp (VCP) and PPG and gold reference BRS based on arterial line
derived systolic blood pressure (BRSSBP,ABP). BRS obtained from systolic blood pressure measured by arterial line (BRSSBP,ABP) is correlated to BRS
obtained from SBP measured using volume clamp (BRSSBP,VCP). In addition, BRS from photoplethysmography (PPG) is obtained with pulse arrival
time (PAT), peak amplitude (PeakAmp), pulse upstroke (Upstroke), and rise time-decay time ratio (RDRatio). Note that the primary peak (PeakAmp)
of arterial line and volume clamp data is the systolic blood pressure. Interventions are rest, paced breathing (pacedB), and handgrip. For further details,
see the Methods section.

HandgripPacedBRestCorrelation to BRSSBP,ABP

0.78a0.88a0.66aBRSSBP,VCP

0.62a0.52a0.69aBRSPAT,PPG

0.53a0.51a0.56aBRSPeakAmp,PPG

0.160.65a0.33BRSUpstroke,PPG

0.46a0.50a0.75aBRSRDRatio,PPG

aIndicates significant correlation (P<.05).

Ambulatory 24-Hour Study
Figure 5 shows the exploratory 24-hour BRS recording from a
healthy participant in free-living conditions. Except for a 1-hour
walk around 5 PM and a short walk before 12 AM, the

participant spent most of the day doing sedentary work. The
participant was in bed between 12 and 8 AM. The lowest BRS
was observed in the afternoon around 5 PM when the participant
went for a walk, as also indicated by relatively high HR and
low HRV. The activities were self-reported.
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Figure 5. Analysis of the 24-hour trends for an individual participant. (A) trends of reference systolic blood pressure (based on upper arm cuff) and
heart rate (HR) over time, (B) trends of low frequency (HRV LF) and high frequency heart rate variability (HRV HF). (C) Trends in the features pulse
arrival time (PAT, in black) and rise time-decay time ratio (RDRatio, in red). (D) Trends in baroreflex sensitivity calculated from pulse arrival time
(BRSPAT,PPG) and rise time-decay time ratio (BRSRDRatio,PPG). The error bars indicate the standard error of the BRS values within 15-minute segments.
(E) Trends in coherence and qualified percentage of BRSPAT,PPG and BRSRDRatio,PPG values. The horizontal bars on top show the activities (walking
and sleeping) of the individual.
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The BRS indices show a clear pattern over the 24 hours, with
both BRSPAT,PPG and BRSRDRatio,PPG being at a lower level
during the day and increasing at night, effectively during sleep.
Given the inverse relation between PAT and SBP, the mirrored
pattern of increasing SBP and decreasing PAT (and vice versa)
is clearly evident, also during walking activities with
contributing HR. The correlation coefficients between PAT and
RDRatio with SBP were high at −0.90 and −0.63 (both P≤.05),
respectively throughout the 24-hour trajectory. This confirms
the essential validity of the observed trends based on the
processed and qualified data. Interestingly, the correlation
between SBP with the derived BRS indices (BRSPAT,PPG and
BRSRDRatio,PPG) was equally high and significant (r=−0.74 vs
r=−0.75; both P≤.05, respectively), while their mutual
correlation was better (r=0.84; P≤.05). At a close look, the
rhythmic oscillations during the night cannot only be seen in
BRSPAT,PPG and BRSRDRatio,PPG but also in HRVLF. Unlike
HRVLF, HRVHF does not show any significant oscillations
during the night, but instead displays a clear difference in
absolute BRS level between day and night, which could not be
observed in HRVLF. Coherence of BRSPAT,PPG also shows a
slight increase during the night. Except for a few datapoints
during the walking activities, where the measurements were
affected by motion artifacts, the percentage of BRSPAT,PPG above
the coherence quality threshold of 0.14 never dropped below
80%, while the qualified coherence % of BRSRDRatio,PPG was
significantly lower, as directly reflected in the coherence profile
of BRSRDRatio,PPG. At all times, even during the walking events
where motion artifacts are to be expected, sufficient data is
above coherence threshold ensuring valid median values
throughout the day.

Discussion

Principal Findings
This study illustrates that both the BRS based on PAT and the
RDRatio derived from PPG serve as appropriate substitutes for
the gold-standard BRS obtained from arterial lines. This is
substantiated by the highest correlation observed during rest, a
comparable coefficient of variation within participants, as well
as anticipated alterations during activities. Furthermore, the
feasibility of these measures was successfully tested over a
24-hour period under free-living conditions. This underscores
their potential applicability in real-world scenarios.

Evaluation of BRS Index Surrogates
Baroreflex sensitivity based on arterial line SBP is best
correlated with BRS determined from pulse arrival time derived
from PPG (PAT,P) signal: 66% of the variation in BRSSBP,ABP

is explained by BRSPAT,PPG. The correlation of other surrogates
to BRSSBP,ABP is slightly lower. In almost all cases, the
interparticipant variation is higher than the intraparticipant
precision, which suggests that these BRS features can be used
to identify differences between individuals.

The baroreflex plays a crucial role in maintaining BP, acting
through various pathways to modulate HR, vascular resistance,
and cardiac contractility. The challenge in determining the BRS

noninvasively is measuring (systolic) arterial pressure as the
gold-standard method, arterial line, is invasive or obtrusive.
The volume clamp method is an often-used noninvasive
substitute to determine arterial pressure. It is known to
overestimate the central ABP [36] and shown to overestimate
BRS in the low frequencies [37]. Nevertheless, it has been used
as a reference to validate other BRS methods, like those derived
from PPG [10,24-26]. Comparing BRS using arterial pressure
derived from the invasive arterial line with volume clamp
method and PPG reveals the disputes and benefits of the
methods. The BRS based on SBP derived from the volume
clamp method shows the best correlation of 0.78 with BRS
based on SBP from the invasive arterial line and a correlation
of 0.59 with the BRS based on the systolic peak in the PPG
signal. The latter is lower compared to results from others,
reporting a correlation of 0.77 [10]. Nevertheless, our study
population is considerably older (compared to 28.5 y) and has
relatively high BP, which would lower the BRS and, in turn,
increase the influence of noise, thereby reducing the correlation.
An underestimation of the BRS based on SBP from the volume
clamp method compared to the arterial line–based SBP of 24%
was reported [13], similar to the 19% reported here.

The 3 modalities, arterial line, volume clamp, and PPG, have
differences and similarities important to consider. The volume
clamp method uses a PPG signal as well. Although the PPG
signal is not used to measure the arterial pressure directly, it is
used to maintain a constant volume by adjusting the cuff
pressure, such that it equals the finger arterial pressure.
Therefore, in contrast to the arterial line method, both PPG and
volume clamp methods are influenced by peripheral perfusion
and, hence, temperature, motion, and contact pressure. This
could potentially cause errors when relating peripheral to
systemic hemodynamic changes [15]. These errors would be
visible between arterial line and volume clamp or PPG-derived
features but be similarly present between PPG and volume
clamp–derived features.

The range of BRS features derived from the PPG used here is
also reported previously, like pulse upstroke, peak amplitude,
pulse arrival time, and rise time [10,24]. In addition, models
estimating SBP using PPG use PAT as the most important
feature [14]. Pulse arrival time and rise-decay ratio from PPG
correlate equally well with BRSSBP,ABP and BRSSBP,VCP. Primary
peak and pulse upstroke from PPG correlate well with
BRSSBP,VCP, but notably less with BRSSBP,ABP, suggesting
volume clamp underestimates the performance of BRSPAT,P and
BRSRdRatio,P and overestimates the performance of others like
BRSUpstroke,P. These results suggest that BRSSBP,V can be used
as a method to measure BRS in a noninvasive way; however,
care should be taken to check the performance of other
(PPG-derived) BRS indices using this method.

Coherence was used as a measure of BRS reliability. It assesses
the similarity of two signals in the frequency domain; if the HR
and arterial pressure have similar frequency components as a
result of the baroreflex, the BRS becomes more reliable.

BRS changes from rest to controlled activities show how well
a feature tracks the baroreflex effects of the interventions. The
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correlation between SBP and HR increases for paced breathing
intervention; therefore, an increase in BRS during paced
breathing is expected. Especially at 6 breaths per minute, at
which the HR and BP oscillation amplitude are increased [38].
Expectedly, during paced breathing, BRS increases for
BRSSBP,ABP and all BRS surrogates compared to that at rest.
However, the correlation between BRSSBP,ABP and BRSPAT,PPG

decreases with paced breathing. It has been shown that during
slow breathing of around 6 breaths/minute the BRS is
overestimated, since, in this case, other mechanisms in which
respiration influences HR also concentrate in the LF frequency
band [39]. During the handgrip intervention, the coherence is
increased, likely because of a thoracic pressure increase damping
the oscillatory pressure effect of respiration (data not shown).
An overestimation of the BRS changes based on volume clamp
and PPG compared to BRSSBP,ABP is found, which is more
prominent during paced breathing compared to handgrip or
handgrip recovery.

Ambulatory 24-Hour Study
The adequate robustness found for the BRS surrogates during
controlled activities suggests a wider applicability for BRS
monitoring, which was further assessed by means of a 24-hour
recording under free-living conditions. Based on the structured
analysis, the BRS based on PAT and RDRatio was considered
the most promising to test for the 24-hour ambulatory; it had
the lowest intraparticipant variation and highest correlation with
BRSSBP,ABP during rest.

A wearable prototype for continuous ECG and PPG signal
acquisition allowed for computation of beat-to-beat PAT,
RDRatio, and RR intervals, and thereby enabled the observation
of characteristic patterns in BRSPAT,PPG, BRSRDRatio,PPG, and
HRV.

The BRS indices were found to be higher during the night as
compared to daytime, which is in line with previous experiments
where BRS was obtained from an arterial line [28,40,41]. This
expected behavior of increasing nighttime BRS (and a coherence
up to 0.6) could be explained by the absence of other inhibitory
influences on the baroreflex like emotional behavior and somatic
afferent influences stimulated by muscle contraction, as
proposed by [40].

In preceding 24-hour BRS studies, oscillatory patterns of BRS
during nighttime were less prominent [28,30,40], likely because
these studies either average over participants or longer time
windows and typically report one datapoint per hour (unlike
the 15 min interval in this study). Meanwhile, studies focusing
on sleep stages do show an increase in baseline BRS during the
night and oscillations in BRS and HRVLF between rapid eye
movement (REM) and non-REM sleep stages [42]. Supported
by the findings from the interventional study and the coherence
with HRVLF, the observed patterns in the proposed BRS indices
BRSPAT,PPG and BRSRDRatio,PPG undoubtedly reflect nocturnal
BRS oscillations. Furthermore, the frequency of oscillations
also appears to be in line with the typical duration and cycle
times of adult sleep stages [43]. However, this remains to be
further investigated with proper reference technology and in a
larger population.

Furthermore, the proposed BRS indices may add value beyond
existing HRV metrics. That is, both BRS indices show the
baseline increase and nocturnal oscillations, whereas HRVLF

does not show a clear baseline increase and HRVHF does not
show oscillations, and its baseline increase may also be driven
by different nocturnal respiration levels. Meanwhile, oscillations
of BRSPAT,PPG tend to compare higher with HRVLF; yet,
BRSRDRatio,PPG seems to be more indicative of higher frequency
contributions.

Regarding the reliability of the proposed indices, BRSPAT,PPG

shows constantly high coherence throughout the 24 hours. Even
during activity, a sufficient percentage of qualified samples is
present, which may be further enhanced with basic signal and
feature qualification strategies. Although the coherence of
BRSRDRatio,PPG is substantially lower, it also remains above the
threshold constantly with sufficient qualified samples. In terms
of usability and technology integration, this may become a
relevant compromise given that BRSRDRatio,PPG holds the
theoretical advantage to be computed using a (peripheral) PPG,
hence without an ECG.

Clinical Implications
The nature of the PPG sensor also allows for free-living
recordings, enabling the monitoring of the BRS of the patients
on day-to-day activities. The obtained results from the 24-hour
study are encouraging future research, considering the wide
range of clinical applications for longitudinal BRS monitoring:
as a prognostic tool for heart attacks and arrhythmias not only
as single point measurement but also during sleep [11], and for
cardiac mortality in patients with renal failure [44], or as a
predictor of outcome after surgery [45]. Furthermore, present
knowledge may be enhanced in day-to-day assessment of
spontaneous BRS, which previously relied on 8-minute
recordings on two consecutive days [46]. Variations in the
24-hour recordings between young and elderly people have also
been reported [28]. Establishing a 24-hour recording could
therefore show not only the BRS in short BP changes but also
on circadian BP patterns. Ultimately, longitudinal BRS
monitoring bears large potential for hypertension diagnostics,
in particular for primary hypertension whose origin is widely
unknown.

Limitations
The study on arterial lines does present certain limitations,
primarily due to the relatively limited sample size and the
inclusion of only male participants. Further research is required
to examine the impact of factors such as age and arterial stiffness
on the BRS indices, as well as to explore their interrelationships.
Such comprehensive analysis necessitates the involvement of
larger and more diverse cohorts. Overall, these preliminary
patterns of the BRSPAT,PPG and BRSRDRatio,PPG over a 24-hour
period under free-living conditions support the findings from
the controlled interventional study, demonstrating that it is
possible to use PAT and RDRatio derived from the PPG signal
to estimate the BRS. However, the key limitation of the 24-hour
study is the confinement to a single participant, but the findings
give rise to further expand this study to investigate circadian
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and nocturnal BRS patterns in both healthy participants, and
given the clinical relevance, also patient cohorts.

Conclusions
BRS determined from pulse arrival time or RDRatio in a PPG
signal is best correlated with BRS based on arterial line SBP.

The BRSPAT,PPG and BRSRDRatio,PPG also follow the BRSSBP,ABP

during different physical activities. Furthermore, it allows for
24-hour BRS recordings, in which the expected circadian rhythm
patterns are present.
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Abstract

Background: Medication nonadherence remains a significant challenge in the management of chronic conditions, often leading
to suboptimal treatment outcomes and increased health care costs. Innovative interventions that address the underlying factors
contributing to nonadherence are needed. Gamified mobile apps have shown promise in promoting behavior change and
engagement.

Objective: This pilot study aimed to evaluate the efficacy and usability of a gamified mobile app that used a narrative storytelling
approach to enhance medication adherence among patients following acute coronary syndrome (ACS). The study aimed to assess
changes in participants’ beliefs about medication and self-reported adherence before and after the intervention. Additionally, user
feedback regarding the narrative component of the app was gathered.

Methods: Overall, 18 patients who recently experienced ACS were recruited for a 1-month intervention using the gamified
app. Participants’ beliefs about medication and self-reported adherence were assessed using standardized scales pre- and
postintervention. The app’s usability was also evaluated through a postintervention questionnaire. Statistical analyses were
performed to determine the significance of changes in belief and adherence scores.

Results: Although 33% (6/18) of the participants did not use the intervention more than once, the remaining 12 remained
engaged during the 30 days of the study. The results did not indicate a significant improvement in participants’ beliefs about
medication following the intervention. However, self-reported adherence significantly improved (P<.05) after the intervention
with a mean score going from 29.1 (SD 6.9) to 32.4 (SD 5.6), with participants demonstrating a greater self-efficacy to their
prescribed medication regimen. However, the results did not indicate a significant improvement in participants’ beliefs about
medication. With a mean average score of 80.6, the usability evaluation indicates a good usability rating for the gamified app.
However, the narrative storytelling component of the app was not favored by the participants, as indicated by their feedback.

Conclusions: This pilot study suggests that a gamified mobile app using narration may effectively enhance medication self-efficacy
and positively influence patients’ beliefs about medication following ACS. However, the narrative component of the app did not
receive favorable feedback from participants. Future research should focus on exploring alternative methods to engage participants
in the app’s narrative elements while maintaining the positive impact on adherence and beliefs about medication observed in this
study.

(JMIR Cardio 2025;9:e50693)   doi:10.2196/50693

KEYWORDS

medication adherence; gamified app; narration; acute coronary syndrome; beliefs about medication; self-reported adherence;
pilot study; usability evaluation; storytelling component
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Introduction

Medication nonadherence is a well-identified health care issue,
particularly for chronic diseases. Poor adherence worsens
clinical outcomes and induces higher downstream
rehospitalization rates as well as a higher use of resources [1].
Despite the physicians’ efforts to convey the importance of the
medications they prescribe, patients still find several intentional
or unintentional reasons for deviating from their treatment plan
[2]. Prior research reports that the most common factors
associated with nonadherence are forgetfulness (50%), having
other medications to take (20%), and being symptom-free (20%)
[3]. The risk of poor adhesion is further increased with the
medication regimen complexity, which increases with each
decision about taking medication that a patient needs to make
[4].

After an acute coronary syndrome (ACS), secondary
cardiovascular prevention recommendations mainly involve
lifestyle changes (eg, physical activity, smoking, or diet) and
adherence to the prescribed drug regimen [5]. Patients with ACS
are at particular risk of failing to adhere to their medication
regimen since they may lack comprehension of medication
importance, and have difficulty accessing medication, or
affording the medication [6]. Additionally, medications used
to treat ACS can have significant side effects that can make it
difficult to take them regularly [7]. Patients with ACS may also
need to take multiple medications, and there is a risk of drug
interactions between them [8]. Moreover, the various
medications used to treat ACS require regular monitoring to
ensure they are working properly and to monitor the side effects.
Finally, the medications used to treat ACS often require a longer
time, which can be difficult for some patients to adhere to [9].

Mobile health apps provide new opportunities to support
medication adherence [10]. First, they can remind users to take
their medication on time. This can help ensure that users do not
forget to take their medication or take incorrect doses. For
instance, a meta-analysis of SMS text messaging interventions
to improve adherence to medication in chronic diseases showed
that SMS text message reminders were associated with increased
odds of being adherent [11]. Second, mobile apps can track
patients’medication use and provide feedback on their progress.
They can offer personalized advice for treatment and behavioral
change support, as well as facilitate communication between
patients and their health care professionals [12]. This can help
patients keep track of their medication use and identify any
issues that may be preventing them from taking their medication
as prescribed. Finally, mobile apps can connect users with health
care professionals and support groups to provide additional
motivation and help. This can help patients stay on track with
their medication use and provide emotional support when
needed.

Gamification for health behavior change involves applying
game design elements and principles to encourage and motivate
individuals to adopt healthier behaviors. It leverages techniques
such as rewards, challenges, competition, and progress tracking
to engage users in activities that promote better health outcomes.
Examples include fitness apps that award points for completing

workouts, digital platforms that encourage healthy eating
through virtual rewards, and wearable devices that gamify
physical activity by setting goals and providing feedback. By
making health-related tasks more enjoyable and interactive,
gamification aims to increase user motivation, adherence to
health goals, and overall well-being [13]. Gamification is a
mechanism that has proven to be efficient in promoting behavior
change [14]. Yet it has not been largely assessed in the context
of medication adherence. Moreover, to our knowledge, there
are currently no apps with gamification that target the Swiss
market with the available medications in this country [15,16].

In an attempt to boost adherence, a multidisciplinary team of
health professionals, informaticians, and patients in a cardiac
rehabilitation (CR) program worked together to develop an
innovative app with gamification strategies named
“Smart-Meds.”

The main objective of this study was to evaluate the adoption,
usability, and satisfaction of Smart-Meds among users enrolled
in an outpatient CR program. We also explored the impact of
app use on medication adherence and beliefs.

Methods

Study Design
This is a pilot pre-post study aimed at assessing the impact on
participants’ self-efficacy regarding their medication regimens
and their beliefs about medication efficacy following the use
of the Smart-Meds app for 1 month.

Primary and Secondary Outcome
The primary outcome is the Self-Efficacy for Appropriate
Medication Use Scale (SEAMS), and the secondary outcomes
are the Beliefs About Medication Questionnaire (BMQ) and
the System Usability Scale (SUS).

Participants
We included adults (>18 years) who were treated for an ACS
in the past month and who owned an Android or iPhone. We
excluded participants who did not speak conversational French.

Sample Size
In this pilot pre-post study, the sample size was determined
using the rule of thumb for pilot studies, which suggests a
minimum of 12 participants per group to provide an initial
estimate of effect sizes and variability [17]. This sample size is
considered adequate for assessing feasibility and refining study
protocols, while not intended for definitive hypothesis testing.
The selected sample size allows for the identification of trends
and potential issues that may inform the design of a subsequent,
fully powered study.

Recruitment
We enrolled voluntary participants entering a CR program at
the University Hospital of Geneva. Patients were recruited
during round table sessions by an investigator presenting the
study. After providing their consent, the participants received
help if needed to install and use the app on their smartphones.

JMIR Cardio 2025 | vol. 9 | e50693 | p.40https://cardio.jmir.org/2025/1/e50693
(page number not for citation purposes)

Ehrler et alJMIR CARDIO

XSL•FO
RenderX

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


Ethical Consideration
An ethical application was made to the hospital’s ethical
committee. The ethics committee considered that this research
was targeted mainly to evaluate the application itself and could
be considered as quality-related research. Therefore, they
exempted us from ethical approval. Informed consent was signed
by all participants prior to the inclusion in the study. All data
collected in the study have been anonymized by using unique
identifiers before analysis, ensuring that no personal information
could be traced back to any individual. There was no need for
compensation, and no images of individual participants were
included in this paper and supplementary materials.

Intervention
Smart-Meds is an app created following a participatory design.
Users were involved all along its development, providing
feedback at each step of the iterative cycles of formative
evaluation [18]. The users participating in the app conception
were patients participating in or having recently completed the
6-week CR program. The app’s main aim is to empower users
to manage their medications, using gamification strategies to
motivate users to report their intakes. The app allows users to
easily enter medications into their personal medication plan
through barcode scanning of the drug boxes. Besides avoiding
transcription errors, this process ensures that the correct
medication is entered (pharmacies may provide different
generics of a drug), and the user only has the dosage and
schedule to enter. Users can set reminders about when to take
their medications and have links to the Swiss patient information
web page about their drugs. For the standard cardiovascular
drugs, our team also developed simplified information content
about indications and side effects that were adapted to low health
literacy levels. We also created an educational section in the

app about coronary heart disease, based on the CR program
materials.

To increase users’ motivation to report their medication intake,
we relied on gamification mechanisms. The core mechanism is
a narration whose daily stages of a motivational story are
unlocked by reporting medication intake. Narrative has been
demonstrated to be a relevant mechanism that can foster
behavior change [19]. Narratives can help bridge the gap
between intention and action. The health action process approach
suggests that people may not act on a desired behavior for
different reasons: those who are not (yet) motivated to do so
are nonintenders, while intenders may be motivated but unable
to put their intention into action [20]. According to this
approach, planning strategies are essential in aiding intenders
to close this gap. These strategies involve specifying when,
where, and how to carry out the desired behavior (action
planning) and anticipating potential obstacles and preparing
ways to overcome them (coping planning). Narratives are
particularly useful in this regard; they focus on specific
characters, their actions and motivations, and present events in
a temporal and causal structure. Therefore, characters can act
as role models, demonstrating how to turn intention into action,
what to expect in terms of challenges, and how to navigate them
successfully [21].

This story was designed to increase engagement and reinforce
the concepts of the “health action process approach” model [22]
and is inspired by an annual outing for patients with ACS at the
Cardiac Rehabilitation Center of the University Hospital of
Geneva. The story consists of 30 episodes. The average textual
length of each episode is 470 characters.

Another gamified mechanism implemented in the app is the
progression since the user sees its progression toward storing
through a visual path on the app (Figure 1).
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Figure 1. Screenshot of the app: the first screen displays the story stages unlocked by reporting medication, the second screen displays a part of the
story, and the third screen displays an example of the quiz (translated into English from the original French version).

Users can also test their knowledge about coronary heart disease
and its management through daily quizzes. Finally, the app
allows users to evaluate their cardiovascular risk factors to guide
their lifestyle changes. A more detailed description of the app
and its underlying framework is reported elsewhere [23].

Study

Measures and Data Collection
Once recruited, participants completed questionnaires on
demographic data and on medication adherence and beliefs
(SEAMS and BMQ) [24,25]. SEAMS is a self-reported
questionnaire with 13 items about how to manage one’s drugs
in various situations (eg, change in routine, suspected side
effects, and new prescriptions). The BMQ has 18 items, with
subsets of questions on the nature of medication, their use by
doctors, one’s personal need for a drug, and concerns about side
effects. The participant then received the mobile app and
received some help if necessary to install the app on their
smartphones. The investigators also helped the participants to
enter their treatment into the app. The participants were then
instructed to use the app for 4 weeks at home without any
interactions with the investigators or any recall.

After 4 weeks, in addition to the completion of a second SEAMS
and BMQ, participants scored the app with the SUS. An
investigator also conducted a semistructured oral interview in
person or by phone. Nine open-ended questions were designed
by the investigators based on a combination of deductive and
inductive approaches. The investigation team started with the
research objectives (deductive) and refined and expanded
questions based on insights gained from initial data analysis
and literature review (inductive). The selected questions
explored reasons for satisfaction and app use and enquired about

suggestions for improvements. The investigator audio-recorded
the interviews or took session notes for a subsequent analysis.
We also collected data about app use from the app logs (number
of sessions, duration of session). Due to technical limitations,
the log data were only captured when the participant was online
at the time of app use. Only log sessions lasting more than 1
second were considered significant for this study.

Data Analysis
We report descriptive statistics of the demographic data to
characterize our sample and of the use logs. We used a
qualitative approach for the interviews, extracting common
themes through iterative coding and comparisons of the data.
SEAMS and BMQ scores are reported before and after the
intervention and their distribution is compared using a chi-square
analysis. Analyses were done using Microsoft Excel version
1808.

The study was carried out in French: as there was no validated
translation available at the time of the study for the SEAMS,
we proceeded with a translation or back-translation with 2
external consultants.

Results

Demographics
We recruited participants between February and April 2020.
We report the results of the 18 participants who completed the
study in Table 1 (of 37 participants screened for eligibility, 19
declined). Overall, participants were mainly male and Caucasian,
with high socioeconomic status, which is representative of our
targeted population. All participants had 4G connectivity. At
the beginning of the study, half the participants monitored their
blood pressure and physical activity.

JMIR Cardio 2025 | vol. 9 | e50693 | p.42https://cardio.jmir.org/2025/1/e50693
(page number not for citation purposes)

Ehrler et alJMIR CARDIO

XSL•FO
RenderX

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


Table . Participant characteristics (n=18).

ValuesVariable

2 (1-2.75)Week of program at enrollment (total of 6 weeks), mean (IQR)

5 (4.25-7.75)Medications, mean (IQR)

Age category (years), n (%)

2 (11)35-44

5 (28)45-54

8 (44)55-64

3 (17)65-74

Sex, n (%)

16 (89)Male

2 (11)Female

Educational attainment, n (%)

7 (39)High school

11 (61)College or higher

Origin, n (%)

14 (78)Caucasian

4 (22)Other

Private health insurance, n (%)

12 (67)Yes

6 (33)No

Type of smartphone, n (%)

7 (39)Android

11 (61)iPhone

Use of apps for health, n (%)

2 (11)Wellness

6 (33)Medical

10 (56)None

Current monitored parameter, n (%)

10 (56)Blood pressure

7 (39)Weight

9 (50)Physical activity

6 (33)Diet

2 (11)Blood glucose

Usage Pattern
All 18 participants installed and used Smart-Meds successfully.
We see in Figure 1 that although every participant installed the
app on the first day, we had an immediate dropout of one-third
of the users. After that, the use remains stable until day 25.

On average, active participants used the app 3.76 (SD 1.28)
sessions per day with a total of 64.39 (SD 21.55) seconds per
day (Table 2). The highest app use was on the first day with an
average of 4.67 sessions per participant of 2.5 minutes duration.
App use drops rapidly after the first couple of days and persists
at about 1x/day until the end of the 30 days.
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Table . Use of the Smart-Meds app over the 30 days.

App use duration per user
(second), mean (SD)

Sessions per active user,
mean (SD)

Still active participants, n
(%)

Daily user, nDay of the study

147.98 (267.91)4.67 (5.69)18 (100)181

89.31 (142.29)6.29 (5.55)13 (72)112

60.68 (90.08)3.13 (2.10)12 (67)83

67.96 (98.49)3.89 (2.71)12 (67)94

74.88 (130.38)4.71 (3.77)12 (67)95

85.26 (108.58)3.00 (2.00)12 (67)96

56.02 (55.53)4.89 (3.98)12 (67)67

57.05 (52.51)3.22 (2.33)12 (67)98

40.92 (44.42)2.29 (2.63)12 (67)89

80.94 (84.45)4.00 (3.34)12 (67)810

68.02 (61.53)3.00 (1.79)12 (67)611

42.53 (39.62)4.57 (1.72)12 (67)912

54.11 (60.09)5.50 (6.87)12 (67)913

43.88 (44.30)5.43 (6.24)12 (67)814

48.54 (60.97)4.43 (3.95)12 (67)915

66.43 (80.70)2.20 (1.99)12 (67)916

72.16 (62.64)3.00 (2.00)12 (67)817

48.56 (42.78)6.88 (7.49)12 (67)818

73.35 (96.89)3.71 (1.80)12 (67)819

75.48 (110.52)4.50 (4.47)12 (67)920

41.47 (33.05)2.00 (1.41)12 (67)921

77.99 (55.05)2.33 (1.53)12 (67)622

48.77 (35.50)2.20 (1.64)12 (67)823

60.96 (65.65)4.00 (3.70)12 (67)724

38.39 (50.23)3.50 (2.26)12 (67)925

77.14 (85.99)2.11 (1.17)12 (67)1026

52.93 (43.41)2.43 (1.40)11 (61)1027

76.94 (163.36)4.63 (3.66)9 (50)828

43.39 (48.26)3.71 (2.63)9 (50)829

59.55 (47.32)2.67 (1.86)7 (39)730

Pre-Post Evaluation of SEAMS and BMQ
Although we did not find a significant change in the assessments
of medical beliefs (BMQ, P=.09), the self-reported medication

adherence score was significantly higher after 4 weeks (SEAMS,
P=.02). Distribution of the SEAMS and BMQ scores can be
visualized in Figures 2 and 3.

JMIR Cardio 2025 | vol. 9 | e50693 | p.44https://cardio.jmir.org/2025/1/e50693
(page number not for citation purposes)

Ehrler et alJMIR CARDIO

XSL•FO
RenderX

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


Figure 2. Boxplot of the BMQ score before and after the intervention period for the 18 participants. BMQ: Beliefs About Medication Questionnaire.

Figure 3. Boxplot of the SEAMS score before and after the intervention period for the 18 participants. SEAMS: Self-Efficacy for Appropriate Medication
Use Scale.

Semistructured Interview
In the semistructured interview, the 18 participants were overall
very positive about the app, particularly when starting a new
medication. Of the 18 participants, 5 (28%) liked being able to
track their medication intake. One participant explained: “It’s

very useful, because sometimes you can’t remember if you’ve
taken the medication or not. With the app, I can validate taking
the medication, and I do it as first action in the morning.” They
were satisfied with the drug information and liked having an
overview of all their medications, which they could share with
their primary care physician. They appreciated its ease of use
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and found the barcode scanning an easy and fun way to enter
their medications in the app. Despite some bugs linked to the
modification of the recall time in the reminder functionalities
during the study, the users thought having reminders was useful.
They also found having pictures of their medications useful,
especially with new drugs.

Of the 18 participants, 17 (94%) tested the quizzes and 15 (83%)
enjoyed challenging their knowledge about their disease and
their medications in this manner. In fact, 1 participant even
suggested adding a reminder to take the quiz. Opinions about
the motivational story were more varied because many
participants did not engage with the story. Of the 18 participants,
only 4 participants read the story until the end, and 1 participant
suggested making it more interactive, where user choices affect

the storyline. Half of the participants (9/18, 50%) reported the
story as one of the less useful aspects of the app for them.

The participants did recognize that having a medication app
was mainly useful early in the self-management process. Once
they got into a routine to take the medication, the reminders
were not as useful. In fact, 1 participant explained that taking
his medications regularly was easy, but remembering to use the
app was more difficult for him!

System Usability Scale
Overall, the app was rated with a mean average score of 80.6
(SD 14.5), which may be interpreted as a good score according
to Bangor et al [26]. The app was perceived between good and
excellent (Figure 4).

Figure 4. Results of the System Usability Scale (SUS) for the 18 participants.

Discussion

Principal Findings
Our pilot study revealed that participant satisfaction among
users was high and that they would recommend the app to
others. Our results show an improvement in the self-reported
medication adherence scale after 4 weeks of app use. Even
though gamification has been demonstrated successful in
boosting behavior change in several contexts, it seems to have
a limited impact on our specific population.

Comparison to Prior Work
Although several recent studies have suggested that gamification
can drive health behavior change, the type of gamification
technique needs to be considered [27,28]. For our participants,
the impact of the motivational story was very different from the
quiz. Storytelling was considered as a game, whereas the quiz
was more a verification of acquired knowledge, something that
they valued.

The story was created with ups and downs to represent daily
variations when coping with a challenge. We kept the story
sequences short and used many illustrations to draw the reader’s
attention. The users in our study did not demonstrate a strong
interest in the motivational story. A plausible explanation is
that the patients in our study were currently being treated for
ACS, diagnosed in the past month [6]. We can suppose these
participants were concerned about their current situation and
did not find any added value from storytelling since their
intrinsic motivation was already high [29,30].

The narrative approach has been used in other research. An
article by Day [31] describes how storytelling has the potential
to promote health literacy in patients. In the cardiology domain,
Li et al [32] displayed an interactive video that depicted a model
patient enacting a scenario with the patient experiencing acute
myocardial infarction symptoms and going through the
perceptual cognitive processes in decision-making. The
psychoeducational intervention group reported greater positive
changes than the control group in their attitudes.

The use of a quiz, however, another gamification technique,
was well appreciated by the participants. Throughout the CR
program, there are group discussions about heart disease,
medications and side effects, and a healthy diet. They liked the
idea of “checking” what knowledge they had acquired during
the program. In fact, the quizzes were a way to monitor what
they had understood and learned, rather than an outcome with
the quiz score. Therefore, the participants had a much bigger
interest in the quiz.

Dropout
We observe in the log that one-third of the participants did only
use the app once at the installation. This information does not
correspond to the feedback of the patient during the
semistructured interview. Indeed, during the interview, 14
patients reported using the app at least once per day, 3 patients
twice per day, and 1 patient once every 2 days. The difference
between the measured use and the reported one can have two
reasons. First, research in various settings has demonstrated a
difference between reported adherence and measured one [33].
The second reason is technical. Since the measure of adherence
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is recorded on the backend, if the patient is not connected to
the internet when reporting his or her intake, that information
is not logged.

Adherence
We observe that self-reported adherence to medication improved
over time. Prior studies have shown that a good understanding
of one’s medication (why it is needed, how to take it, and
potential side effects) is a driver for adherence [9,34]. Reading
the simplified information facts in the app or self-testing with
the quiz could have helped gain or maintain knowledge about
medication during the study. Interestingly, the participants
reported that the tracking functions were often not needed at
this stage of their disease management: either they had already
established a routine that suited them, or else they sometimes
were low-tech and did not consider logging into the app
regularly to track their medication intake [35,36]. Several
participants considered this tracking as an additional, tedious
task and therefore did not find tracking or reminders useful. The
reminders were considered more useful when their routine was
disrupted: this is commonly found in studies about adherence
[37]. At this stage of the disease (CR program or right after the
program), participants are still on sick leave at home, without
the unexpected events that may occur from work-related tasks
or travel issues.

Other Contextual Elements
Participants enrolled in our study were from the CR program,
with social support between peers, group sessions with health
professionals, and daily physical activities in groups. In fact,
patients often join a WhatsApp group to communicate with
peers. This suggests other approaches to explore to help drive
behavior changes, especially when the CR program ends, and
“real life” begins again with work.

Limitations
The first limitation of our study concerns the absence of a
control group preventing to establish causality definitively.
Without a control group for comparison, it becomes challenging
to discern whether the observed changes in adherence behaviors
and beliefs are solely attributable to the intervention or if they
could be influenced by external factors or natural fluctuations
over time. Additionally, the absence of a control group limits
the researchers’ ability to account for potential confounding
variables that may impact the outcomes of interest. Therefore,
while the pre-post pilot study design provides valuable insights
into the potential effects of the intervention, its findings must
be interpreted cautiously, and further research using a controlled
study design is warranted to confirm and generalize the observed
results.

The second limitation of this pre-post scientific pilot study is
the small sample size, which may render the study
underpowered. With a limited number of participants, the

study’s ability to detect significant changes in adherence
behaviors and beliefs may be compromised. Small sample sizes
can increase the likelihood of type II errors, where the study
fails to detect real effects due to insufficient statistical power.
Additionally, the generalizability of findings from a small
sample size may be limited, as the characteristics and responses
of a small group may not be representative of the broader
population. Consequently, a cautious interpretation of the results
is necessary, recognizing the potential limitations imposed by
the small sample size on the study’s reliability and
generalizability. Future research with larger sample sizes would
be beneficial to confirm and extend the findings of this pilot
study.

Third, we faced limitations to record app use when offline. This
may have led to a bias in the reporting of the results, as several
users were voluntarily disconnecting their smartphones from
wireless networks to minimize connection costs. Therefore, we
can expect that users were using the app more frequently than
reported.

Future Direction
Building on the findings of this pilot study, future research could
explore more tailored storytelling approaches to enhance patient
engagement and adherence to medication. Identifying narratives
that resonate more deeply with different patient populations
may further improve the effectiveness of the gamified approach.
Additionally, other gamification strategies, such as reward
systems or adaptive challenges, could be investigated to assess
their potential impact on patient outcomes.

A key next step is to conduct a larger-scale study with a control
group to better assess the effectiveness of the gamified approach
compared to traditional methods. This would allow for a more
robust statistical analysis and provide stronger evidence of the
intervention’s benefits in improving medication adherence and
patient awareness. Expanding the study to diverse patient
demographics would also offer insights into the approach’s
generalizability and scalability.

Conclusion
Smart-Meds is a promising app; although one-third of the
participants dropped out immediately, the remaining participants
used the app regularly. The satisfaction of users was high, and
participants would recommend the app to others. Our results
show an improvement in the self-reported medication adherence
scale after 4 weeks of app use. Although gamification has been
successful in boosting behavior change in several contexts, it
seems to have a limited impact on our specific population.
Therefore, additional research should be conducted with the
end user to design a story that boosts their motivation. On the
experimental side, a larger study with a controlled design like
a randomized controlled trial is needed to confirm our results.
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Abstract

Background: Wearable devices offer a promising solution for remotely monitoring heart rate (HR) during home-based cardiac
rehabilitation. However, evidence regarding their accuracy across varying exercise intensities and patient profiles remains limited,
particularly in populations with cardiovascular disease (CVD) such as those with heart failure (HF).

Objective: The objective of this study was to evaluate the accuracy of HR measurements obtained using the Fitbit Inspire 3
during cardiopulmonary exercise testing (CPX) in patients with CVD, including those with HF.

Methods: In this single-center, prospective pilot study, we enrolled 30 patients with CVD undergoing CPX. HR was
simultaneously recorded using electrocardiography and the Fitbit Inspire 3 at 1-minute intervals across various CPX phases: rest,
exercise below and above the anaerobic threshold (AT), and recovery. The correlation between the two methods was assessed
using the Pearson correlation coefficient. Measurement error was quantified by mean absolute error and mean absolute percentage
error (MAPE), with a MAPE of ≤10% defined as the threshold for acceptable agreement.

Results: All data points were 630 points per minute. The Fitbit Inspire 3 device demonstrated a strong overall correlation with
electrocardiography-derived HR (r=0.90; IQR 0.88‐0.91) and an acceptable MAPE of 5.40% (SD 8.33%). The total error was
14.9% (94/630), with overestimation and underestimation of 37 (5.8%) points and 57 (9%) points, respectively. The rate of HR
underestimation reached 19 (16%) points during exercise above the AT, compared to 1 (3%) point at rest. When stratified by HF
stage (B vs C), underestimation was more pronounced in patients with HF (14/275, 5% points vs 40/355, 11.2% points).

Conclusions: The Fitbit Inspire 3 provides acceptable validity for HR monitoring during CPX in patients with CVD. However,
clinicians should interpret HR data with caution during high-intensity exercise, especially in patients with HF.

(JMIR Cardio 2025;9:e77911)   doi:10.2196/77911
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Introduction

Background
Outpatient cardiac rehabilitation (CR) is a class I recommended
therapy for patients with cardiovascular disease (CVD) and is
regarded as an essential component of treatment [1]. However,
in Japan, the prevalence of heart failure (HF) is rising among
older adults [2], while participation in outpatient CR remains
low [3]. Among working-age patients with coronary artery
disease (CAD), the challenge of balancing work and CR
contributes to the low participation rates [4]. A recent
meta-analysis [5] demonstrated that home-based CR combined
with digital support yielded comparable improvements in quality

of life and reductions in hospital readmissions to conventional
outpatient CR. These findings highlight the potential
significance of remote support in home-based CR programs.

Maintaining appropriate exercise intensity is crucial to prevent
symptom exacerbation when prescribing exercise therapy [1].
Heart rate (HR), closely linked to oxygen consumption [6], is
a key indicator for setting exercise intensity and is commonly
used in outpatient CR [7]. HR monitoring during outpatient CR
is typically performed using electrocardiography (ECG).
However, in home-based settings, continuous ECG monitoring
is impractical, leading to reliance on manual pulse checks, whose
accuracy remains insufficiently validated.
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Advances in wearable digital technology have led to the
widespread use of devices using photoplethysmography (PPG),
such as smartwatches, which are being investigated as potential
alternatives to ECG [8]. A recent scoping review suggested that
smartwatches may be useful tools to support and enhance
outpatient disease management [9]. However, measurement
accuracy can vary widely between devices [10], and HR
obtained via wearable devices tends to be underestimated at
higher exercise intensities [11]. Consequently, whether such
technology can be reliably applied to patients with CVD,
particularly those with HF who may experience reduced
peripheral perfusion, warrants careful evaluation.

A recent validation study [12] reported that HR measurements
using the Apple Watch 7 (Apple Inc) and Galaxy Watch 4
(Samsung Electronics Co, Ltd) during cardiopulmonary exercise
testing (CPX) were highly accurate in patients with CAD,
indicating their potential utility in this population. However,
these devices are relatively expensive (approximately US $350),
and their accessibility to individuals with low income, who may
already be reluctant to participate in outpatient CR, remains
limited [4]. Moreover, although the study population included
stable patients with CAD, the accuracy of measurement in
patients with HF was not evaluated.

Objective
We hypothesized that if a more affordable device, such as the
Fitbit Inspire 3 (Fitbit LLC; approximately US $80), could yield
similar HR measurement accuracy, it would become more
widely accessible. Previous research on the Fitbit series in
postoperative patients performing low-intensity activities [13]
showed promising accuracy, and a validation study involving
younger patients with CVD demonstrated good performance
during stepwise increases in exercise intensity measured by
CPX [14]. However, no studies have specifically focused on
patients with HF. Therefore, this study aimed to evaluate the
accuracy of HR measurement from the Fitbit Inspire 3 compared
to ECG-based measurements during CPX in patients with CVD,
including those with HF.

Methods

Study Design and Setting
This single-center, prospective, observational pilot study was
conducted at the Itami City Hospital.

Participants
Participants were recruited from patients who received a
prescription for CPX at the Department of Cardiology, Itami
City Hospital, between August 2024 and March 2025. The
inclusion criteria were as follows: (1) aged ≥18 years at the time
of consent, (2) documented agreement to undergo CPX, and (3)
provision of written informed consent for study participation.
The exclusion criteria were as follows: (1) aged <18 years, (2)
persistent atrial fibrillation (AF), (3) known silicone allergy, or
(4) refusal to participate.

Sample Size Calculation
As a pilot study, a target sample size of 30 participants was
established based on previous studies with sample sizes ranging

from 10 to 60 [10], as well as the estimated number of CPX
procedures expected during the study period.

Data Collection and Procedures
CPX was performed using a cycle ergometer equipped with a
breath-by-breath gas analyzer (AE-300S; Minato Medical
Science). The testing protocol included a 1-minute rest period
and 4 minutes of warm-up at 0 W, followed by a
symptom-limited ramp protocol with individualized increments
of 10‐20 W/min. The recovery phase involved pedaling at 0
W for ≥5 minutes until clinical status stabilized. Ventilatory
parameters, including minute ventilation (VE), oxygen uptake
(VO₂), and carbon dioxide output (VCO₂), were recorded
every 6 seconds.

The respiratory exchange ratio was calculated as VCO₂/VO₂
using breath-by-breath data. Peak VO₂ was defined as the
highest VO₂ value recorded during exercise or the average of
the final 18 seconds (3 data points), whichever was greater.
Peak VO₂ was normalized by body weight (BW) and expressed
in mL/kg/min (peak VO₂/BW), in accordance with standard
clinical practice for CPX. The anaerobic threshold (AT) was
determined by an experienced cardiologist based on multiple
indices: the inflection point in VE/VO₂ without a concurrent
rise in VE/VCO₂, increasing partial pressure of end-tidal
oxygen without a change in end-tidal carbon dioxide, and other
standard criteria.

During CPX, the Fitbit Inspire 3 device was attached to the arm
contralateral to the side used for blood pressure measurement.
The device was worn approximately 2 finger-widths above the
wrist crease, with the optical sensor positioned flush against the
skin to minimize motion artifacts. HR was recorded
simultaneously using ECG and the wearable device, which
logged data at 1-minute intervals [15]. Test start times were
extracted from the electronic medical records. HR data from
the wearable device were retrieved through the Fitbit Web
Application Programming Interface using the httr and jsonlite
packages in R (version 4.4.0; R Foundation for Statistical
Computing).

Demographic and Clinical Characteristics
All variables were obtained from patients’ medical records.
Baseline demographics data included age, sex, diagnosis,
American College of Cardiology (ACC) or American Heart
Association (AHA) HF stages [16], relevant medical history,
current medications, and smoking status. Physical examination
findings included height, weight, BMI, and the New York Heart
Association functional classification. Laboratory parameters
included hemoglobin, creatinine, estimated glomerular filtration
rate, and B-type natriuretic peptide. Echocardiographic data
included left ventricular ejection fraction (LVEF), measured
using the modified Simpson method. HF phenotypes were
categorized as HF with reduced ejection fraction (LVEF≤40%),
HF with mildly reduced ejection fraction (LVEF 41%‐49%),
and HF with preserved ejection fraction (LVEF≥50%) [17].
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Statistical Analysis
Continuous variables are presented as mean (SD) or median
(IQR), as appropriate. Categorical variables are expressed as
counts and percentages.

A whole-test analysis was performed using the complete set of
1-minute HR data. In addition, a phase-specific analysis was
conducted by assigning each 1-minute sample to 1 of 4
predefined exercise phases: rest, low-intensity (including
warm-up; below AT), high-intensity (above AT), and recovery.
A stratified whole-test analysis was also carried out based on
the ACC or AHA HF stage classification.

Furthermore, stratified analyses by ACC or AHA stage were
conducted by repeating both the whole-test and phase-specific
analyses within each stage category. Pearson correlation
coefficients were calculated to assess the relationship between
ECG-based and Fitbit-derived HR. Correlation coefficients were
interpreted as follows: 0‐0.30 as negligible, 0.30‐0.50 as
low, 0.50‐0.70 as moderate, 0.70‐0.90 as high, and
0.90‐1.00 as very high. Bland-Altman plots were used to
evaluate agreement, systematic bias, and limits of agreement.
Mean absolute error (MAE) and mean absolute percentage error
(MAPE) were calculated to quantify measurement error. On the
basis of previous studies, a MAPE of ≤10% was considered
acceptable [18,19]. The proportions of underestimation and
overestimation were also calculated. All numerical values and
statistical metrics were derived using CPX-measured HR as the
reference standard. All analyses were conducted using R
(version 4.4.0; R Foundation for Statistical Computing) and
RStudio (version 2024.12.1+563; RStudio, Inc).

Ethical Considerations
The study protocol complied with the principles of the
Declaration of Helsinki (1975), as revised in 2000, and was
approved by the institutional review boards of the Itami City
Hospital (2537) and the Shijonawate Gakuen University
(24‐4). Written informed consent was obtained from all
participants after detailed explanations of the study’s objectives,
procedures, potential benefits, and risks were provided by the
researchers. To protect participant privacy, study records were

de-identified. Each participant was assigned a unique study ID,
and the linkage file connecting IDs to personal identifiers was
stored exclusively on the hospital’s electronic medical record
network; no identifiable information was transferred outside
this network. Only variables necessary for the study were
collected, and the datasets were processed and managed to
prevent the immediate identification of any individual. All
analyses were conducted using de-identified datasets on the
local computers. Participants did not receive any financial or
material compensation for participating in the study.

Results

Demographic and Clinical Characteristics
The demographic and clinical characteristics are summarized
in Tables 1 and 2. Of the 30 patients with CVD included in the
study, 13 (43%) were classified as having stage B HF and 17
(57%) as having stage C HF. The median (IQR) age was 65
(54-73) years, and 17 patients (57%) were male. CAD was the
most common underlying condition, observed in 16 patients
(53%), followed by dilated cardiomyopathy in 6 (20%) patients.
Regarding pharmacotherapy, β blockers were prescribed to 23
(77%) patients. According to the New York Heart Association
classification, 8 (27%) patients were in class I; 20 (67%) in
class II; and 2 (7%) in class III. The median (IQR) LVEF was
52% (45%‐61%), and 20% (6/30) of the patients were
categorized as having HF with reduced ejection fraction. The
median (IQR) B-type natriuretic peptide concentration was 56
(13‐93) pg/mL. During CPX, the total median exercise time
was 8.33 (IQR 7.00‐10.45) minutes, the median peak
respiratory exchange ratio was 1.16 (IQR 1.10‐1.23), and the
median peak VO₂/BW was 17.2 (IQR 14.5‐21.2) mL/kg/min.
When comparing the stage B (n=13, 43%) and stage C (n=17,
57%) groups, patients in the stage B group were older (median
age 73 vs 55 y) and had a higher prevalence of CAD (11/13,
85% vs 5/17, 29%). In contrast, nonischemic etiologies,
including dilated cardiomyopathy, were more common in the
stage C group (6/17, 35% vs 0/13, 0%). β-blocker use was more
frequent in the stage C group (17/17, 100% vs 6/13, 46%).
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Table . Participant demographics and clinical profile.

Stage C (n=17)Stage B (n=13)Overall (n=30)Characteristics

55 (48-65)73 (64-78)65 (54-73)Age (y), median (IQR)

9 (53)8 (62)17 (57)Male, n (%)

23.7 (22.0-27.9)22.0 (20.8-24.8)23.2 (21.6-26.2)BMI (kg/m2), median (IQR)

Etiology, n (%)

5 (29)11 (85)16 (53)    CADa

6 (35)0 (0)6 (20)    DCMb

2 (12)0 (0)2 (7)    HHDc

2 (12)0 (0)2 (7)    Cardiac sarcoidosis

2 (12%)2 (15)4 (13)    Others

Comorbidities, n (%)

9 (53)10 (77)19 (63)    Hypertension

6 (35)6 (46)12 (40)    Dyslipidemia

Smoking, n (%)

10 (59)8 (62)18 (60)    Never

4 (24)4 (31)8 (27)    Past

3 (18)1 (8)4 (13)    Current

0 (0)1 (8)1 (3)FHd, n (%)

5 (29)4 (31)9 (30)DMe, n (%)

2 (12)2 (15)4 (13)Respiratory disease, n (%)

46 (39-58)54 (52-61)52 (45-61)LVEFf (%), median (IQR)

LVEF classification, n (%)

6 (35)10 (77)16 (53)    HFpEFg

5 (29)3 (23)8 (27)    HFmrEFh

6 (35)0 (0)6 (20)    HFrEFi

NYHAj classification, n (%)

4 (24)4 (31)8 (27)    1

11 (65)9 (69)20 (67)    2

2 (12)0 (0)2 (7)    3

aCAD: coronary artery disease.
bDCM: dilated cardiomyopathy.
cHHD: hypertensive heart disease.
dFH: family history.
eDM: diabetes mellitus.
fLVEF: left ventricular ejection fraction.
gHFpEF: heart failure with preserved ejection fraction.
hHFmrEF: heart failure with mildly reduced ejection fraction.
iHFrEF: heart failure with reduced ejection fraction.
jNYHA: New York Heart Association.
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Table . Pharmacotherapy, laboratory biomarkers, and CPXa parameters.

Stage C (n=17)Stage B (n=13)Overall (n=30)Characteristics

15 (88)13 (100)28 (93)ACE-ib, ARBc, or ARNId, n (%)

17 (100)6 (46)23 (77)β blocker, n (%)

11 (65)2 (15)13 (43)SGLT2ie, n (%)

13 (76)1 (8)14 (47)MRAf, n (%)

7 (41)0 (0)7 (23)Diuretics, n (%)

3 (18)8 (62)11 (37)Nitrates, n (%)

2 (12)1 (8)3 (10)Calcium antagonists, n (%)

4 (24)12 (92)16 (53)Antiplatelet agents, n (%)

5 (29)3 (23)8 (27)Anticoagulants, n (%)

5 (29)11 (85)16 (53)Statins, n (%)

0 (0)1 (8)1 (3)Ezetimibe, n (%)

1 (6)0 (0)1 (3)Amiodarone, n (%)

13.80 (12.30-15.00)12.90 (11.80-14.80)13.75 (11.83-14.98)Hemoglobin (g/dL), median (IQR)

0.92 (0.84-1.01)0.88 (0.80-1.11)0.92 (0.80-1.04)Creatinine (mg/dL), median (IQR)

64 (51-70)61 (50-69)62 (50-70)eGFRg (mL/min/1.73 m²), median (IQR)

27 (12-83)61 (25-114)56 (13-93)BNPh (pg/mL), median (IQR)

0 (0)1 (8)1 (3)Missing BNP values, n (%)

Ramp protocol

14 (82)12 (92)26 (87)    10 W, n (%)

3 (18)1 (8)4 (13)    20 W, n (%)

8.20 (7.15-9.65)8.90 (7.00-10.60)8.33 (7.00-10.45)Total exercise time (min), median (IQR)

1.15 (1.04-1.22)1.16 (1.11-1.23)1.16 (1.10-1.23)Peak RERi, median (IQR)

98 (74-112)93 (81-110)93 (75-112)Peak WRj (W), median (IQR)

1194 (820-1348)1097 (984-1,277)1158 (883-1324)Peak VO2
k (mL/min), median (IQR)

17.3 (14.4-20.2)17.1 (15.6-22.1)17.2 (14.5-21.2)Peak VO2/BWl (mL/kg/min), median (IQR)

745 (584-840)682 (624-772)724 (610-823)ATVO2
m (ml/min), median (IQR)

11.99 (9.52-12.83)11.69 (10.64-12.54)11.80 (9.86-12.82)ATVO2/BW (mL/kg/min), median (IQR)

aCPX: cardiopulmonary exercise testing.
bACE-i: angiotensin-converting enzyme inhibitor.
cARB: angiotensin II receptor blocker.
dARNI: angiotensin receptor–neprilysin inhibitor.
eSGLT2i: sodium-glucose cotransporter 2 inhibitor.
fMRA: mineralocorticoid receptor antagonist.
geGFR: estimated glomerular filtration rate.
hBNP: B-type natriuretic peptide.
iRER: respiratory exchange ratio.
jWR: work rate.
kVO₂: oxygen uptake.
lVO₂/BW: oxygen uptake per body weight.
mATVO₂: oxygen consumption at anaerobic threshold.
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Validity of HR Measurement Using the Fitbit Inspire 3
A comparison between HR measurements obtained via CPX
and those estimated by the Fitbit Inspire 3 is presented. In total,

630 data points were analyzed and categorized into 4 exercise
phases: rest, below and above the AT, and recovery (Table 3).
These data were further stratified by HF stage (stages B and C;
Table 4).

Table . Accuracy of Fitbit HRa compared to CPXb-measured HR. A cutoff value of 10% for MAPEc was adopted from previous studies to evaluate
the error rate.

Underestimation, n
(%)

Overestimation, n
(%)

Error rate, n (%)MAPE (%), mean
(SD)

MAEd (bpme),
mean (SD)

Correlation coeffi-
cient, r (95% CI)

Condition

57 (9)37 (6)94 (15)5.40 (8.33)5.20 (8.75)0.90 (0.88‐0.91)All (N=630)f

1 (3)2 (7)3 (10)4.67 (5.53)3.40 (4.15)0.92 (0.84‐0.96)Rest (n=30)f

29 (11)10 (4)39 (14)5.23 (8.29)4.41 (7.28)0.85 (0.82‐0.88)Below ATg

(n=270)f

19 (16)1 (1)20 (17)6.14 (9.62)8.03 (14.08)0.76 (0.67‐0.82)Above AT (n=119)f

5 (2)22 (10)27 (13)5.32 (7.96)4.85 (6.46)0.92 (0.90‐0.94)Recovery (n=211)f

aHR: heart rate.
bCPX: cardiopulmonary exercise testing.
cMAPE: mean absolute percentage error.
dMAE: mean absolute error.
ebpm: beats per minute.
fNumber of data points.
gAT: anaerobic threshold.

Table . Accuracy of Fitbit HRa compared to CPXb-measured HR stratified by heart failure stage. A cutoff value of 10% for MAPEc was adopted from
previous studies to evaluate the error rate.

Underestimation, n
(%)

Overestimation, n
(%)

Error rate, n (%)MAPE (%), mean
(SD)

MAEd (bpme),
mean (SD)

Correlation coeffi-
cient, r (95% CI)

Condition

57 (9)37 (6)94 (15)5.40 (8.33)5.20 (8.75)0.90 (0.88‐0.91)All (N=630)f

14 (5)17 (6)31 (11)4.67 (7.94)4.51 (7.66)0.92 (0.90‐0.94)Stage B (n=275)f

40 (11)18 (5)58 (16)5.98 (8.59)5.73 (9.49)0.88 (0.85‐0.90)Stage C (n=355)f

aHR: heart rate.
bCPX: cardiopulmonary exercise testing.
cMAPE: mean absolute percentage error.
dMAE: mean absolute error.
ebpm: beats per minute.
fNumber of data points.

In the overall sample (N=630), the correlation coefficient
between CPX-measured HR and Fitbit Inspire 3–derived HR
was 0.90 (95% CI 0.88‐0.91; Figure 1). The MAE was 5.20
(SD 8.75) beats per minute (bpm), and the MAPE was 5.40%
(SD 8.33%). The total error was 94 (N=630, 15%), with
overestimation and underestimation of 37 (6%) and 57 (9%),
respectively. The Bland-Altman plot (Figure 2) displays

CPX-measured HR on the x-axis and the difference between
CPX and Fitbit HR measurements on the y-axis. The time-series
trend of HR error, with time on the x-axis, is shown in Figure
3. The average difference in HR was −1.25 bpm, with upper
and lower limits of agreement of 18.56 bpm and −21.05 bpm,
respectively.
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Figure 1. Scatter plot comparing heart rate (HR) measured by the Fitbit Inspire 3 with HR measured by cardiopulmonary exercise testing (CPX), plotted
on the x-axis. Each point represents an individual measurement and is color-coded by exercise phase (rest, below anaerobic threshold [AT], above AT,
and recovery). The dashed gray line indicates the line of identity (y=x). bpm: beats per minute.
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Figure 2. Bland-Altman plot comparing heart rate (HR) measurements from the Fitbit Inspire 3 and cardiopulmonary exercise testing (CPX). The
x-axis represents HR measured by CPX, while the y-axis displays the difference between Fitbit and CPX HR values (Fitbit HR – CPX HR). The solid
horizontal line indicates the mean bias (−1.25 beats per minute [bpm]), and the dashed lines represent the 95% limits of agreement (+18.56 bpm and
−21.05 bpm). Density curves along the top and right margins show the distributions of CPX HR values and HR differences, respectively. Each point
represents a single measurement and is color-coded by exercise phase (rest, below anaerobic threshold [AT], above AT, and recovery).

Figure 3. Time-series Bland-Altman plot comparing heart rate (HR) measurements from the Fitbit Inspire 3 and cardiopulmonary exercise testing
(CPX). The x-axis represents time points across the CPX protocol, while the y-axis shows the difference in HR values (Fitbit HR – CPX HR). The solid
horizontal line indicates the mean bias (−1.25 beats per minute [bpm]), and the dashed lines represent the upper (+18.56 bpm) and lower (−21.05 bpm)
95% limits of agreement. The density curve on the right illustrates the distribution of HR differences. Each point represents a single measurement,
color-coded by exercise phase (rest, below anaerobic threshold [AT], above AT, and recovery).

By condition, the rest phase (n=30) showed a correlation
coefficient of 0.85 (0.82‐0.88), MAE of 4.41 (SD 7.28) bpm,
and MAPE of 5.23% (SD 8.29%). During the below AT
condition (n=270), the correlation coefficient was 0.92
(0.90‐0.94), MAE was 4.85 (SD 6.46) bpm, and MAPE was
5.32% (SD 7.96%).

In contrast, the above AT condition (n=119) demonstrated a
lower correlation coefficient of 0.76 (0.67‐0.82), with higher
MAE and MAPE values of 8.03 (SD 14.08) bpm and 6.14%
(SD 9.62%), respectively. In the recovery phase (n=211), the
correlation coefficient was 0.92 (0.90‐0.94), with an MAE of

4.85 (SD 6.46) bpm and a MAPE of 5.32% (SD 7.96%).
Regarding estimation errors, the above AT phase exhibited a
higher underestimation (19/119 points, 15.9%) than
overestimation (1/119 points; 0.8%), whereas in the recovery
phase, overestimation (22/211 points, 10.4%) exceeded
underestimation (5/211 points, 2.3%).

By HF stage, stage B (n=275) demonstrated a correlation
coefficient of 0.92 (0.90‐0.94) and an MAE of 4.51 (SD 7.66)
bpm. In comparison, stage C (n=355) showed a slightly lower
correlation coefficient of 0.88 (0.85‐0.90) and a higher MAE
of 5.73 (SD 9.49) bpm. The over- and underestimations were
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17 (N=275, 6.1%) and 14 (5%) for stage B and 18 (N=355, 5%)
and 40 (11.2%) for stage C, respectively.

Discussion

Principal Findings
In this study, we analyzed the accuracy of HR measurements
obtained from the Fitbit Inspire 3 relative to ECG-based HR
during CPX in patients with CVD, including those with HF.
The Fitbit Inspire 3 device yielded relatively accurate HR
estimates at intensities below the AT. However, estimation
errors increased above the AT: the device underestimated HR
during high-intensity exercise and overestimated it during
recovery. In addition, overall accuracy was lower in patients
with HF.

Comparison With Previous Work
The overall correlation coefficient was 0.90 (Table 2), whereas
previous studies involving healthy individuals using Fitbit
devices reported correlation coefficients ranging from 0.84 to
0.93 [20,21]. MAPE was 4.67% (SD 5.53%) at rest and 6.14%
(SD 9.62%) above the AT. A study using the Fitbit Charge 4
across various activities, such as stair climbing and squats, found
MAPE values ranging from 6.36% to 11.98%, depending on
the activity [22]. Another cycling-based study using the Fitbit
Charge 3 reported a MAPE of 6.1% [23]. Despite using the
comparatively less-expensive Fitbit Inspire 3 in this study, we
observed similar outcomes, suggesting that, if the exercise
modality is equivalent, similar accuracy may be achieved.

As the workload increased during CPX, MAPE rose from 4.67%
(SD 5.53%) at rest to 5.23% (SD 8.29%) below the AT and
6.14% (SD 9.62%) above the AT (Table 2). Correspondingly,
measurement error increased with HR (Figure 2). A previous
study that varied walking speeds on a treadmill reported MAPEs
of 9.99% at 3.0 km/h and 10.06% at 6.4 km/h [20]. Another
study that varied cycling workloads, similar to this study, found
a MAPE of −7.0% at a light load (50 W) and −15% at workloads
of 60%‐85% of HR reserve [24], indicating larger
measurement errors at higher exercise intensities. The decreased
accuracy at elevated workloads may be attributable to several
factors: the low test-retest reliability of wrist-based PPG sensors
(intraclass correlation coefficients <0.5) [25], increased forearm
muscle contraction to stabilize the handlebars (which can reduce
blood flow and introduce signal artifacts) [26,27], reduced
contact between the PPG sensor and the skin [28], measurement
latency [29], and motion artifacts themselves [30]. In our study,
underestimation became more pronounced at higher exercise
intensities, whereas overestimation predominated during the
recovery phase (Figure 3). The acute phase of HR recovery is

influenced by parasympathetic reactivation, and the late phase
is associated with sympathetic withdrawal and reduced
catecholamine levels, generally leading to a 12 to 30 bpm
decrease within 1 minute [31]. The fact that 23 (77%)
participants were taking β blockers suggests that
pharmacological effects, autonomic dysfunction, and the Fitbit
device’s delayed response to sudden changes in HR [24] may
have collectively contributed to these discrepancies.

Notably, patients with stage C HF showed a higher rate of
underestimation than those with stage B (11% vs 5%), likely
owing to the larger measurement error at high workloads. No
validation study has specifically focused on wearable devices
in patients with HF. We speculate that because patients with
HF have a limited ability to increase cardiac output beyond the
AT [32] and experience reduced peripheral perfusion due to
heightened sympathetic tone, PPG-based HR may be
underestimated. Further research is warranted to clarify the
accuracy of PPG-based HR measurements above the AT in this
population.

Limitations
This study has some limitations worth noting. First, it was a
pilot study with a relatively small sample size. In addition, HR
values were averaged over 1-minute intervals, leading to fewer
data points. Consequently, rapid fluctuations in HR may not
have been fully captured and could have contributed to
measurement error. Second, we excluded patients with persistent
AF; however, patients with both HF and AF may experience
further reductions in HR measurement accuracy [33]. Third, we
used cycling as the exercise modality, which restricted
upper-limb movement. Home-based exercise therapies
commonly involve walking, which requires arm movement.
Therefore, we were unable to assess potential artifacts caused
by arm motion. Further studies are needed to confirm the
accuracy of these devices under more typical home-based
exercise conditions. Fourth, the patients with HF in our cohort
were relatively young and clinically stable. The results may
differ in patients with more advanced HF, and caution should
be exercised when generalizing these findings.

Conclusions
This study demonstrated that the accuracy of HR estimation by
the Fitbit Inspire 3 varied depending on exercise intensity and
patient characteristics. These findings suggest that when using
the Fitbit Inspire 3 to support interventions such as home-based
exercise therapy in patients with CVD, including those with
HF, careful consideration should be given to the patient’s HF
stage and exercise intensity, as well as to the device’s potential
limitations in different usage scenarios.
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CVD: cardiovascular disease
ECG: electrocardiography
HF: heart failure
HR: heart rate
LVEF: left ventricular ejection fraction
MAE: mean absolute error
MAPE: mean absolute percentage error
PPG: photoplethysmography
VCO2: carbon dioxide output
VE: minute ventilation
VO2: oxygen uptake
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Abstract

Background: Heart rate (HR) is a vital physiological parameter, serving as an indicator of homeostasis and a key metric for
monitoring cardiovascular health and physiological responses. Wearable devices using photoplethysmography (PPG) technology
provide noninvasive HR monitoring in real-life settings, but their performance may vary due to factors such as wearing position,
blood flow, motion, and device updates. Therefore, ongoing validation of their accuracy and reliability across different activities
is essential.

Objectives: This study aimed to assess the accuracy and reliability of the HR measurement from the PPG-based Polar Verity
Sense and the Polar Vantage V2 devices across a range of physical activities and intensities as well as wearing positions (ie, upper
arm, forearm, and both wrists).

Methods: Sixteen healthy participants were recruited to participate in this study protocol, which involved 9 activities of varying
intensities, ranging from lying down to high-intensity interval training, each repeated twice. The HR measurements from the
Verity Sense and Vantage V2 were compared with the criterion measure Polar H10 electrocardiogram (ECG) chest strap. The
data were processed to eliminate artifacts and outliers. Accuracy and reliability were assessed using multiple statistical methods,
including systematic bias (mean of differences), mean absolute error (MAE) and mean absolute percentage error (MAPE), Pearson
product moment correlation coefficient (r), Lin concordance correlation coefficient (CCC), and within-subject coefficient of
variation (WSCV).

Results: All 16 participants (female=7; male=9; mean 27.4, SD 5.8 years) completed the study. The Verity Sense, worn on the
upper arm, demonstrated excellent accuracy across most activities, with a systematic bias of −0.05 bpm, MAE of 1.43 bpm,
MAPE of 1.35%, r=1.00, and CCC=1.00. It also demonstrated high reliability across all activities with a WSCV of 2.57% and
no significant differences between the 2 sessions. The wrist-worn Vantage V2 demonstrated moderate accuracy with a slight
overestimation compared with the ECG and considerable variation in accuracy depending on the activity. For the nondominant
wrist, it demonstrated a systematic bias of 2.56 bpm, MAE of 6.41 bpm, MAPE 6.82%, r=0.93, and CCC=0.92. Reliability varied
considerably, ranging from a WSCV of 3.64% during postexercise sitting to 23.03% during lying down.

Conclusions: The Verity Sense was found to be highly accurate and reliable, outperforming many other wearable HR devices
and establishing itself as a strong alternative to ECG-based chest straps, especially when worn on the upper arm. The Vantage
V2 was found to have moderate accuracy, with performance highly dependent on activity type and intensity. While it exhibited
greater variability and limitations at lower HR, it performed better at higher intensities and outperformed several wrist-worn
devices from previous research, particularly during vigorous activities. These findings highlight the importance of device selection
and wearing position to ensure the highest possible accuracy in the intended context.

(JMIR Cardio 2025;9:e67110)   doi:10.2196/67110

KEYWORDS

validity; reliability; accuracy; wearable devices; wearing position; photoplethysmography; heart rate

Introduction

Heart rate (HR) is one of the most commonly measured
physiological parameters in wearables, valued for its ease of
measurement and its role as a key marker of homeostasis,

cardiovascular health, and physiological responses. HR can
provide early warnings for certain pathological conditions; for
example, resting HR is an independent predictor of
cardiovascular disease, stroke, and sudden death [1,2]. In
addition, HR is frequently used for assessing physical effort,
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workload intensity, and supporting performance monitoring. It
is also often integrated into algorithms to estimate other
physiological metrics, such as core body temperature and energy
expenditure [3-5]. HR is therefore a valuable and valid
parameter when aiming for health monitoring and workload
management.

The current criterion measure for assessing HR outside the
laboratory is the chest strap, which uses electrocardiogram
(ECG) technology, due to its strong agreement and minimal
bias when compared with the ECG-Holter device in healthy
adults and patients [6-10]. A prior validation study demonstrated
that the Polar H10 (H10; Polar Electro Oy) exhibited even higher
accuracy during higher-intensity activities with increased motion
than the ECG-Holter [11]. However, the continuous use of chest
straps every day in the field can lead to discomfort,
incompatibility with equipment, or displacement issues [12].
Consequently, there is growing interest in wrist-, upper arm-,
or forearm-wearable devices, which use photoplethysmography
(PPG) [13]. PPG is a noninvasive measurement technique that
detects blood volume changes in the microvascular bed of tissue
by illuminating the skin and measuring the reflected light [14].

The affordability and capability of these wearable devices to
continuously monitor physiological parameters over extended
periods, combined with rapid advancements in multimodal
sensing technologies and extensive marketing by manufacturers,
have led to their widespread use. However, the quality of the
data is crucial when monitoring health parameters in real life.
Many users—and even scientists—may rely on these devices
to measure outcomes such as resting HR, training zones, fatigue,
or health issues without verifying the accuracy and reliability
of the measured physiological parameters. Notably, one critical
review showed that more than half of the technologies reviewed
had not been validated through independent research, with only
5% having been formally validated [13]. As wearable
technologies continue to evolve with each update or new version
including new sensor modalities, it is important to conduct
ongoing assessements of their accuracy and reliability, as these
factors can impact measurement performance [1,15-18].

Furthermore, validation studies often focus on only 1 or a few
standardized exercises (eg, resting, cycling, or treadmill running)
that involve minimal movement artifacts in the arms or wrists
and are conducted in controlled laboratory settings [19-21]. In
fact, HR measurement accuracy has shown to be influenced by
differences in blood flow, motion artifacts, and the interaction
between the sensor and skin on the different wearing position
[22-25]. For example, proximal wearing position such as the
upper arm may provide more stable readings during high-motion
activities than distal placements such as the forearm or the wrist,
where movement artifacts are more pronounced and blood flow
is lower. For HR monitoring to be applicable to general activity
tracking, data should be validated across a variety of exercise
modalities at different intensities (resting, submaximal, and
high) and body positions (lying, sitting, and standing), as well
as during free movement [15].

Although the H10 is recognized as a criterion measure based
on the INTERLIVE Network’s expert statement [26], the Polar
Verity Sense (Polar Electro Oy) offers a possible alternative.

When worn on the upper arm, the Verity Sense sits well on the
skin, may be less intrusive than a chest strap, and provides
advantages over a wrist-worn device due to its proximal wearing
position (eg, increased blood flow). The Verity Sense has been
evaluated in prior studies, though the activities were in some
of the studies very short, laboratory-based, in paced conditions,
or very specific (eg, walking, jogging, swimming, Pickleball
Game Play, or biking) [27-31]. Similarly, the Vantage V2 has
been validated in prior studies, but the studies had either an
older criterion measure or was validated in specific activities
in laboratory conditions (eg, paced running and swimming)
[31-33]. To the authors’ knowledge, no study has evaluated the
different wearing locations and tested it in various types of
exercises and intensities in a more naturalistic environment.

Therefore, this study aims to validate the Polar Verity Sense
and Vantage V2 in terms of HR across diverse activities,
intensities, and wearing positions in conditions that closely
resemble free-living environments over a sufficient amount of
time to get robust results. The study incorporates a variety of
activities, including different resting (eg, lying and sitting),
common exercises (eg, running and cycling), body weight
exercises, and dynamic movements such as parkour, which
introduce significant challenges such as variations in blood flow
and involve high levels of motion. To ensure robust findings,
the protocol will be repeated twice to assess the reproducibility
of HR measurements.

Methods

Participants
Sixteen healthy participants were recruited for this study.
Recruitment was conducted via email announcements and
in-person assessments of students and staff at the Swiss Federal
Institute of Sport Magglingen. The study aimed to include
individuals with diverse fitness levels and training habits,
ensuring representation of both those who met and those who
did not meet the World Health Organization’s recommendation
of 150‐300 minutes of moderate-intensity aerobic physical
activity per week [34]. Participants had to be between 18 and
40 years of age with a BMI between 18.5 and 30 kg/m².
Interested participants received detailed study information and
provided written informed consent before participation. Prior
to inclusion, they were screened using the Physical Activity
Readiness Questionnaire to ensure that they met the eligibility
criteria. Only those who answered “no” to all Physical Activity
Readiness Questionnaire questions, did not take any medication
affecting HR, had no known ECG abnormalities, and had no
tattoos on the sensor placement areas (upper arms, forearms,
and wrists) were included in the study. In addition, skin type
was assessed using the Fitzpatrick Scale [35], and the amount
of body hair on the wrists and arms was recorded.

Experimental Procedure
The participants were tested individually on different days and
at different times of the day. The measurements were conducted
in a gymnasium with prepared areas to perform the different
activities and with consistent environmental conditions, with a
mean (SD) ambient temperature of 19.5 °C (SD 0.9 °C) and
humidity of 49.8% (SD 3.9%). After recording each participant’s
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weight, height, skin color, and body hair (while they were
dressed in underwear), all devices were placed in the specific
wearing positions on the body as recommended by the
manufacturers. The H10 chest strap was moistened prior to use.
All devices were activated at least 5 minutes before the protocol
began to allow the sensors to calibrate to the HR.

The study protocol consisted of 9 different activities in order
of increasing intensity (Figure 1): lying down (5 minutes), sitting
(5 minutes), walking (15 minutes), picking up objects (8
minutes), jogging (8 minutes), weight training (8 minutes
consisting of squats, biceps curls, lunges, and abdominal
crunches), cycling on an ergometer (8 minutes), high-intensity

interval training (HIIT; 8 minutes of a continuous parkour
containing sprinting, dragging, carrying, lifting, and hammering,
with 45 seconds of effort and 15 seconds of rest), and
postexercise sitting (20 minutes). A 2-minute rest was taken
between activities, and the entire protocol was repeated twice,
with a 20-minute break between sessions in which the
participants sat down, rested, and could drink or eat something,
if needed. The procedures and instructions were standardized
and identical for all participants, but they were kept very short
to enhance the naturalistic study design. The participants rated
their exertion using the Borg Rating of Perceived Exertion scale
(6‐20) after each activity to quantify intensity levels, ranging
from minimal to near-maximal exertion [36,37].

Figure 1. Study protocol with 9 activities with 2-minute breaks in between. This protocol was repeated twice with a 20-minute break between sessions.
Lower-intensity activities, such as lying down, sitting, and postexercise sitting, showed a median (IQR) rating of perceived exertion (RPE) of 6.0 (1.0),
indicating minimal exertion. Low-intensity activities, including walking and picking up objects, had RPE values of 7.0 (1.25) and 7.0 (2.0), respectively,
while jogging and weight training had RPE values of 12.0 (2.25) and 13.0 (2.0). Higher-intensity activities, such as cycling and high-intensity interval
training, had median RPEs of 14.0 (2.25) and 17.5 (2.0), respectively, the latter reflecting near-maximum exertion. Across all activities, the median
RPE was 10.0 (7.0).

Devices and Instruments

Wearable Devices
The Polar H10 (H10) measures HR using 1-lead ECG
technology with a sampling frequency of 1000 Hz. According
to the INTERLIVE Network’s expert statement, ECG chest
straps that have been independently validated and demonstrate
excellent agreement with respect to beats per minute (ie, >95%)
are considered appropriate criterion measures for evaluating
wearable technologies measuring HR [26]. The H10 is included
in their list of validated devices, with a prior study showing an
excellent agreement (r=0.997) and 97.1% of the measured RR
intervals (ie, time between successive R-wave peaks in the QRS
complex—a waveform in an ECG representing ventricular
depolarization and contraction, which corresponds to one full

cardiac cycle) differing by less than 2% during various activities
and intensities [11].

In this study, 2 wearable devices were evaluated. Both were
placed on different wearing positions. The Verity Sense (Polar
Electro Oy) measures HR on the upper arm and forearm using
optical PPG technology with a sampling frequency of 1 Hz
(firmware version: 2.0.3). The Vantage V2 (Polar Electro Oy)
measures HR on the wrist using optical PPG technology with
a sampling frequency of 1 Hz (firmware version: 4.1.0). Figure
2 shows the devices included in the study as well as their
positions on the body. The Verity Sense devices were placed
on the forearm and upper arm of opposite sides, with the specific
side (left or right) randomly assigned across participants. Two
Vantage V2 watches were placed on the wrists of each
participant to capture readings from both the dominant and
nondominant sides. One more Vantage V2 was used as a data
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logger for the H10 and placed in a small pocket on an elastic
belt around the waist. The Vantage V2 were started in the
activity mode “other indoor” as no Global Positioning System
was needed and different activities were performed. The Verity

Sense were started in “recording mode”. All data were
downloaded from the web-based Polar Flow application (Polar
Electro Oy).

Figure 2. Placement of the different wearable devices. The H10 chest belt was placed on the chest with a Vantage V2 as logger on the waist. A Vantage
V2 was placed on each wrist. A Verity Sense was placed on the upper arm and forearm.
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Other Instruments
The body heights of the participants were measured using a
stadiometer (model 214; Seca GmbH), and body weight was
measured on a calibrated digital balance scale (model 877; Seca
GmbH). The cycling ergometer Ergoselect 200 (Ergoline
GmbH) was used for the cycling activity, and dumbbells
weighing from 2.5 to 10 kg were used for the weight training.
A weather station was used to measure ambient temperature
and humidity.

Data Processing and Cleaning
First, all rest periods between activities were removed from the
data. Second, the HR data derived from the PPGs (Verity Sense
and Vantage V2) were synchronized with the reference using
time stamps from the exported file and cross-correlated to fix
the inconsistent lags between the ECG- and PPG-derived HR
signals [38,39]. Third, missing values (ie, blanks or zeros) and
artifacts were quantified. Data were considered artifacts if they
fell below 30 bpm (type I), if they exceeded 230 bpm (type II),
or if consecutive values differed by 15 bpm (type III) [40,41].
All artifacts were then removed from the dataset. Fourth, all
reference data from the H10 device were statistically and
visually inspected for potential outliers or irregularities to
prevent errors from being mistakenly attributed to the Verity
Sense and Vantage V2 devices. For each participant, the
activities were flagged if they contained more than 10 missing
data points, more than 10 artifacts, or a Pearson correlation
below 0.9 compared with the Verity Sense or Vantage V2. The
flagged activities underwent further visual screening to identify
whether the error originated from the H10. If the H10 data
contained a substantial number of outliers or were considered
irregular, the entire activity was excluded from the analysis.
Finally, HR data were averaged in 10-second intervals for each
activity.

Statistical Analysis
Statistical analysis was performed in accordance with previous
recommendations [15]. The data from the tested devices and
the criterion measure were assessed for normality, and all data
were found to be normally distributed.

Accuracy was assessed for overall data and for each activity
using systematic bias (mean of differences) with 95% limits of
agreement (LoA), accompanied by the results of a 2-tailed
1-sample t test performed on the differences between the 2
measurements (ie, difference from zero). Moreover, mean
absolute error, mean absolute percentage error (MAPE), 5%
accuracy (percentage of MAPE within a 5% range of the
reference value), root-mean-squared error (RMSE), and ordinary
least squares linear regression were used to evaluate accuracy.
Although previous validation studies lack consensus and have
defined varying accuracy thresholds, this study classified a
device as having very high accuracy if MAPE was <3%, high
accuracy if MAPE was <5%, and moderate accuracy if MAPE
was <10%, based on criteria used in some validation studies
[21,28,31,42,43]. Pearson product moment correlation
coefficient (r) and Lin concordance correlation coefficient
(CCC) were used to evaluate the agreement between the criterion
measure and the wearable device [44-46]. The Pearson

correlation coefficient was interpreted as follows: 0.45‐0.69
(very poor), 0.70‐0.84 (poor), 0.85‐0.94 (good), 0.95‐0.994
(very good), and >0.995 (excellent) [47]. The
strength-of-agreement criteria for the CCC were interpreted
using McBride’s (2005) criteria: <0.90 (poor agreement),
0.90‐0.95 (moderate agreement), 0.95‐0.99 (substantial
agreement), and >0.99 (almost perfect agreement) [44].

Reliability was assessed using the within-subject coefficient of
variation (WSCV), calculated based on the differences between
the tested devices and the reference data, where lower values
indicate greater consistency. Based on a prior study, the
threshold of <5% was used to indicate high reliability, while
<10% was considered acceptable reliability [21]. In addition,
reproducibility was assessed using the Wilcoxon signed rank
test to compare the differences between the device and reference
measurements between session 1 and session 2. All data
processing, cleaning, and analysis was done with Python
(version 3.12; Python Software Foundation).

Ethical Considerations
This study involving human participants was reviewed and
approved by the Swiss ethics committee (project ID:
2022‐01456). The research design adhered to the ethical
standards outlined in the Declaration of Helsinki. All data
collected were deidentified to ensure participant confidentiality.
No personal identifiers were included in the dataset, and access
to raw data was restricted to authorized researchers only.
Participants provided written informed consent, which included
permission for their anonymized data to be used in publications
and shared with other researchers for further research purposes,
in strict adherence to data protection regulations. Participants
received a gift card valued at 30 Swiss Francs (CHF),
approximately US $29 based on the exchange rate at the time
of the study, as compensation for their time and participation.
No identifiable images of participants are included in the
manuscript or supplementary materials.

Results

Participants
Sixteen healthy participants (female=7; male=9; dominant
right-handed=13) volunteered for this study. Their demographic
characteristics reported as mean (SD) were age: 27.4 (5.8) years,
height: 173.5 (9.2) cm, weight: 69.9 (9.4) kg, and BMI: 23.1
(2.0) kg/m². Ten participants met the recommendations of the
World Health Organization of 150‐300 minutes of
moderate-intensity aerobic physical activity per week and 6
were below that threshold. Six participants were classified as
type I, and 10 participants were classified as type II according
to the Fitzpatrick Scale. In addition, none of the participants
had exceptionally hairy skin at any of the device-wearing
positions.

Missing Values, Artifacts, and Outliers
No devices had missing values; however, artifacts and outliers
were identified in the H10 and Verity Sense data. For the H10,
9 randomly occurring type III artifacts were found. In addition,
visual screening led to the overall removal of 16,462 seconds
(10%) of the raw data from 3 participants, including the entire
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protocol’s first session of 1 participant and the second session
of 2 participants. These outliers were potentially due to
suboptimal positioning or displacement of the H10 in these 3
participants. In the Verity Sense data, 85 seconds (0.06%) were
classified as type I artifacts (upper arm: 36; forearm: 49) and
32 seconds (0.02%) as type III artifacts (upper arm: 3; forearm:
29). No specific activity, participant, or gender could be
identified as having more artifacts than the others.

After averaging the cleaned data into 10-second intervals, the
data from the 16 participants totaled 40.7 hours (mean 4.5, SD
2.1 hours per participant), resulting in 14,653 10-second data
points analyzed across all activities. The sedentary or resting
activities, including lying down, sitting, and postexercise sitting,
contributed 867, 870, and 3346 data points, respectively, totaling
5083 (34.7%) data points. Low- to moderate-intensity activities,
such as walking and picking up objects, provided 2610 and
1392 data points, respectively, amounting to 4002 (27.3%) data
points. Higher-intensity activities, including jogging, weight
training, cycling, and HIIT, each contributed 1392 data points,
for a total of 5568 (38.0%) data points. This distribution ensured
comprehensive coverage across all activity types and intensities.

Accuracy and Reliability

Arm-Worn Verity Sense
The overall mean bias was −0.05 bpm (LoA –5.84 to 5.74 bpm)
on the upper arm and −0.91 bpm (LoA –14.64 to 12.83) on the
forearm, indicating only minimal underestimation of the HR
measurements. The 2-tailed 1-sample t test was conducted to
determine whether the differences between the Verity Sense
and the reference measurement significantly deviated from zero.
The results indicated no significant difference on the upper arm
for lying (P=.845), sitting (P=.093), jogging (P=.159), and
postexercise sitting (P=.911). Likewise, on the forearm, no
significant differences were found for lying (P=.981), walking
(P=.227), and jogging (P=.306). No significant differences were
found overall and for all other activities (P<.05). For the upper
arm placement, MAPE remained low across all activities, with
the lowest values observed during jogging (0.69%) and cycling
(0.53%) and the highest during sitting (2.48%) and picking up
objects (2.34%). On the forearm, MAPE was slightly higher
overall, with the lowest values recorded during jogging (0.92%)
and cycling (0.60%). The overall 5% accuracy was 95% for the
upper arm and 89% for the forearm. The RMSE for the upper
arm was generally low across activities, with an overall value
of 2.95 bpm, except for weight training, which showed an RMSE
of 6.49 bpm. RMSE values for the forearm were higher, with
an overall mean of 7.07 bpm. Pearson correlation coefficients
demonstrated very good to excellent positive linear correlations
between the Verity Sense and the ECG criterion across all
activities for the upper arm (r>0.94). For the forearm, the
correlations similarly ranged from very good to excellent for
all activities (r>0.95), except weight training (r>0.88), HIIT
(r>0.85), and postexercise sitting (r>0.79). Regression analyses
supported these findings, with strong correlations (r²=0.99 for
the upper arm and r²=0.96 for the forearm) and regression slopes
near 1.00, especially during lower-intensity activities, except
for weight training. The CCC showed consistently almost perfect
agreement, with an overall CCC of 1.00 (95% CI 0.99-1.00)

for the upper arm, although lower values were observed during
weight training. For the forearm, the CCC showed substantial
agreement with an overall value of 0.98 (95% CI 0.97-0.98),
with decreased agreement during HIIT and postexercise sitting.

The Verity Sense demonstrated high reliability across most
activities, regardless of arm placement. The Wilcoxon signed
rank test showed no significant differences between the device
and reference measurements across sessions for the upper arm
(W=2994.0, P=.213; session 1: meandiff –0.14 bpm, SDdiff 0.87
bpm; session 2: meandiff –0.07 bpm, SDdiff 1.70 bpm) and
forearm (W=3081.0, P=.314; session 1: meandiff –0.61 bpm,
SDdiff 2.63 bpm; session 2: meandiff –1.06 bpm, SDdiff 5.74 bpm)
placements. In addition, the WSCV was consistently low,
particularly for the upper arm (ranging from 0.98% for cycling
to 4.98% for weight training), while the forearm exhibited
slightly higher variability (1.14% for cycling to 9.80% for
postexercise sitting).

Table S1 in Multimedia Appendix 1 shows the detailed accuracy
and reliability results for the Verity Sense compared with the
reference for each activity and for each wearing position.

Wrist-Worn Vantage V2
The overall mean bias was 2.93 bpm (LoA –20.46 to 26.31)
and 2.56 bpm (LoA –21.88 to 26.99) for the dominant and
nondominant wrists, respectively, indicating a slight
overestimation of HR with large LoAs. For the 2-tailed 1-sample
t test, for both the dominant and nondominant wrists, no
significant difference was found for sitting (P=.271; P=.818),
whereas all other activities showed significant differences
(P<.001).

For both wearing positions (dominant and nondominant), MAPE
was lowest during jogging (3.84% and 3.55%), cycling (1.17%
and 2.06%), and postexercise sitting (2.15% and 2.07%).
However, MAPE exceeded 10% during activities characterized
by lower HR, such as lying down, walking, and picking up
objects. The 5% accuracy showed varying levels of agreement
across all activities, with an overall result of 73.56% for the
dominant wrist and 71.83% for the nondominant wrist. For both
the dominant and nondominant wrists, RMSE was generally
high, with overall values of 12.29 bpm and 12.73 bpm,
respectively. However, accuracy improved during postexercise
sitting, where RMSE was lower at 3.60 bpm and 3.78 bpm.
Pearson correlation and regression analyses further highlighted
these discrepancies. For both the dominant and nondominant
wrists, correlation was good to very good during jogging (r=0.89
and r=0.91), weight training (r=0.90 and r=0.91), cycling on
an ergometer (r=0.98 and r=0.94), and postexercise sitting
(r=0.97 and r=0.97). However, accuracy was very poor to poor
for all other tasks. A slight difference between wearing positions
was observed during HIIT, where the dominant wrist showed
poor correlation (r=0.81), while the nondominant wrist showed
good correlation (r=0.85). In addition, linear regression slopes
indicated overall low agreement, with values of 0.87 and 0.85
for the dominant and nondominant wrists, respectively. On the
dominant wrist, CCC ranged from poor agreement (0.25 during
picking up objects) to substantial agreement (0.97 during
cycling). On the nondominant wrist, CCC values ranged from
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poor agreement (0.24 during picking up objects) to substantial
agreement (0.97 during postexercise sitting).

The Vantage V2 demonstrated moderate reliability across most
activities for both wrist placements. The Wilcoxon signed rank
test showed no significant differences between the device and
reference measurements across sessions for the dominant wrist
(W=3379.0, P=.844; session 1: meandiff 3.72 bpm, SDdiff 10.96
bpm; session 2: meandiff 3.63 bpm, SDdiff 10.32 bpm) and the
nondominant wrist (W=2852.5, P=.103; session 1: meandiff 3.51
bpm, SDdiff 12.37 bpm; session 2: meandiff 2.41 bpm, SDdiff 8.73
bpm). Although no significant differences were found between
sessions, the WSCV varied across activities. Lower variability
was observed for postexercise sitting (3.49% on the dominant
wrist; 3.64% on the nondominant wrist), while very high
variability was found during lying down (26.44% on the
dominant wrist; 23.04% on the nondominant wrist). Overall,
variability remained high, with overall WSCV values of 10.41%
for the dominant wrist and 10.87% for the nondominant wrist.

Table S1 in Multimedia Appendix 2 shows the detailed accuracy
and reliability results for the Vantage V2, compared with the
reference for each activity and for each wrist placement.

Discussion

Principal Findings and Comparison With Prior Work

Arm-Worn Polar Verity Sense
This study evaluated the accuracy and reliability of the arm-worn
Verity Sense across various activities and both placements, the
forearm and the upper arm. The device had no missing values
and only a trivial number of artifacts (0.08%). Overall, and
especially on the upper arm, the Verity Sense demonstrated
minimal bias (−0.05 bpm), very high accuracy (MAPE 1.35%),
and very good to excellent agreement with ECG (r=1.00, CCC
1.00). Reliability was also high, with no significant differences
between sessions and consistently low variability in comparison
with the criterion measure (WSCV 2.57%).

The overall trend suggested the highest accuracy and reliability
during activities with elevated mean HR and less arm
movements, while slightly lower accuracy was noted during
low-intensity tasks such as weight training and object picking.
As PPG-based HR measurements are influenced by differences
in blood flow and motion artifacts, these findings underline the
possible loss of accuracy with increased motion as well as
reduced lower blood flow (eg, lower HR, cold extremities, and
blood flow restriction due to clothes or other devices) [22-25].
These results align with previous studies that reported reduced
accuracy in similar low-intensity, high-motion activities
[16,28,31]. Notably, even during these challenging tasks, the
upper arm placement continued to deliver strong results.

To the authors’ knowledge, regardless of the wearing position
on the upper arm or the forearm, the excellent accuracy
demonstrated by the Verity Sense in this study outperformed
all of the following wearable devices tested in different activities
and settings in previous studies: multiple Garmin wrist-worn
devices (eg, Instinct, Venu, and Fenix 5‐6)
[20,27,28,32,33,48,49], various Polar wrist-worn devices and

the OH1 (ie, the prior version of the Verity Sense)
[21,27,28,30,32,48], the Apple Watch [20,49], the Motiv Ring,
the arm-worn Scosche Rythm+, the Jabra Elite Sport and the
Suunto Spartan Sport [20], FitBit Charge 2 and 4 [19,43,50],
and the Samsung Galaxy Watch Active2 [43].

In addition, in this study, the Verity Sense outperformed its own
previous results from studies conducted between 2022 and 2024,
demonstrating better MAPE values while maintaining similar
regression analysis and CCCs [27-31,48]. These results suggest
that the Verity Sense is a highly accurate and reliable alternative
to the ECG-based chest strap such as the Polar H10. Notably,
given the number of missing values and artifacts observed in
the H10 in this study, the Verity Sense may offer greater
robustness across the investigated activities. However, this study
does not provide conclusive evidence of interchangeability
between these devices.

Wrist-Worn Polar Vantage V2
This study evaluated the accuracy and reliability of the
wrist-worn Vantage V2 across various activities and both wrist
placements (dominant and nondominant). The device had no
missing values or artifacts, suggesting a robust filtering method,
as wrist-worn devices typically experience significant motion
artifacts and low blood flow [22-25]. The Vantage V2 performed
similarly on both wrists, showing a slight HR overestimation
with large LoAs and overall moderate accuracy. However,
accuracy varied considerably depending on the activity. High
accuracy (MAPE<5%) was observed in all moderate- to
vigorous-intensity activities (ie, jogging, weight training,
cycling, and HIIT) as well as postexercise sitting, whereas
activities with lower HR and increased motion artifacts exhibited
poorer accuracy. Overall, although CCC demonstrated moderate
agreement, Pearson correlation indicated good agreement and
reached very good agreement during cycling on an ergometer
and postexercise sitting, the 2 activities with low arm and wrist
movement as well as increased blood flow. However, it is
important to note that high correlations do not guarantee the
absence of bias or error, nor do they confirm perfect validity
[51]. Although no significant differences between sessions were
found, overall reliability was below the acceptable threshold,
with WSCVs exceeding 10%. Variability was particularly high
during low-intensity activities (eg, lying down and picking up
objects). In contrast, high to very high reliability was observed
again during cycling on an ergometer and postexercise sitting.
This again highlights the influence of motion artifacts combined
with lower HR (ie, blood flow) on signal quality at the wrist
position.

In previous studies, wrist-worn devices showed similar results:
the bias tends to increase with the intensity of activity on a
treadmill, while using a cycle ergometer, and during resistance
training tasks [19,42,48,49,52,53]. Similarly, one study found
that the magnitude of the errors depended on the activity type
and that it can result in an absolute error that is 30% higher than
at rest [38]. Wrist-worn devices are more susceptible to noise
and distortion due to thinner skin, underlying bones and tendons,
and reduced blood perfusion, all of which increase the likelihood
of motion artifacts in wrist-worn devices compared with
arm-worn devices [24]. Moreover, arm and wrist movements
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cause displacement of the PPG sensor over the skin, alter skin
deformation, and affect blood flow dynamics, generating motion
artifacts that are difficult to mitigate through filtering or
algorithms when occurring frequently and result in false
calculations [22,25]. Although the Vantage V2 also uses PPG
technology, like the Verity Sense, the difference in wearing
position has a great impact on the HR signal quality, requiring
distinct filtering methods and algorithms. Similarly, since
wrist-worn devices measure at a more distal position, blood
flow may be further reduced in cold environments due to
vasoconstriction, which has a greater impact on smaller
capillaries in the extremities than in the upper arm. Moreover,
a good fit on the wrist plays a crucial role in minimizing device
movement on the skin, which in turn reduces skin deformation.

In this study, the Vantage V2 performed best during cycling on
an ergometer, contrary to the expectation that wrist posture
during cycling might negatively impact accuracy [19]. This
improved performance could be attributed to ensuring a proper
fit of the watch, with the device positioned correctly above the
wrist and snugly fitted, which might mitigate issues caused by
wrist bending.

Notably, the Vantage V2 showed similar results to, or even
outperformed, other wrist-worn devices evaluated in previous
studies, particularly during higher-intensity activities. When
compared with similar current devices, such as the Garmin
Forerunner 945 and Polar Ignite, the Vantage V2 demonstrated
slightly higher or similar mean absolute error and MAPE values
but exhibited comparable LoAs and slightly stronger positive
correlations [54]. In low-intensity activities such as walking,
the Vantage V2 showed lower accuracy (ie, higher MAPEs)
than the Polar Vantage M and the Garmin Instinct. However,
during higher-intensity activities such as jogging and skipping
(comparable with HIIT), the Vantage V2 outperformed both
devices [28]. During lying, sitting, walking, and squat training
(which can be compared with weight training in this study), the
Vantage V2 exhibited higher MAPEs in lying and walking but
lower MAPEs in sitting and weight training compared with the
Fitbit Charge 4 and Samsung Galaxy Watch Active2 [43].
Similarly, in terms of agreement (Pearson correlation), the
Vantage V2 exhibited lower agreement in low-intensity activities
but outperformed the Apple Watch Series 4, the Polar Vantage
V, the Garmin Fenix 5, and the Fitbit Versa at higher HRs [33].
A comparable trend was observed when comparing the Vantage
V2 with the Garmin Fenix 6 and the Polar Grit X across various
moderate to vigorous activities (eg, walking, incremental
maximal treadmill walking, and cycling) [48]. Furthermore,
during cycling and resistance training, the Vantage V2
outperformed both the Apple Watch Series 2 and the Bose
SoundSport Pulse [42]. The Vantage V2 also showed similar
results to those of another study that tested this device in
swimming [32].

These findings suggest that the Vantage V2 performs slightly
better than its competitors at higher intensities and elevated
mean HR, potentially indicating that the device incorporates a
robust motion artifact filtering algorithm. However, it remains
susceptible to lower blood flow. In summary, while the Vantage
V2 still exhibits the typical limitations of wrist-worn sensors,

its accuracy is comparable with—or even exceeds—that of some
other wrist-worn devices.

Strengths, Limitations, and Recommendations
This study has several strengths but also faces certain limitations
that warrant consideration. First, while the sample size was
relatively small and homogeneous in terms of health, age (mean
27.4, SD 5.8 years), and BMI (18.5‐30 kg/m²), the study
benefited from a large dataset (14,653 data points; mean 4.5,
SD 2.1 hours per participant). This extensive data volume
strengthens the reliability of the analysis and allows for robust
analysis. Future research should complement this approach by
including a more diverse population to assess broader
applicability. Second, the study protocol included a wide range
of activities, from sedentary to vigorous intensity, conducted
in seminaturalistic conditions in a gymnasium. However, the
indoor environment may not fully replicate real-world
conditions, and activities outside this range, such as extreme
sports or water-based activities, were not evaluated. Third, while
the Polar H10 ECG chest strap is a proven criterion measure
for HR measurement during various activities and intensities,
especially in free-living conditions, the H10 nevertheless
exhibited missing data and artifacts in this study, potentially
due to suboptimal sensor-wearing position or fitting, or
motion-induced signal interference. To mitigate this, rigorous
data cleaning and artifact detection procedures were used,
including visual screening and the exclusion of outlier activities
from the analysis. However, some artifacts may still have
introduced variability into the reference data, potentially
influencing the comparison with the tested wearable devices.
Future studies should be aware of this limitation and carefully
review the reference data as well, as errors or artifacts in the
reference measurements could lead to misleading comparisons
and affect the validity of the findings. Fourth, while the wearing
position and fitting of the devices were standardized to ensure
consistency, it might not reflect real-world usage where users
may wear devices loosely or incorrectly. Including scenarios
with varied placement conditions in future studies could better
simulate real-world use. Furthermore, device placement on
different limbs or at varying positions on the same limb may
introduce variability due to differences in blood flow, which
was not addressed in this study. Future research should explore
whether placing an additional sensor on the same limb influences
blood flow and, consequently, HR measurements. Finally, as
wearable technologies continue to evolve, continuous validation
across various activities, contexts, and populations will be
crucial to ensuring that these devices provide accurate and
actionable data for health monitoring and the development of
physiological metrics (eg, estimation of core body temperature
or energy expenditure).

Conclusions
This study evaluated the accuracy and reliability of 2 currently
available wearable devices across a wide range of activities and
different wearing positions. The Polar Verity Sense
demonstrated excellent accuracy and reliability across a broad
range of physical activities and intensities, particularly when
worn on the upper arm. The Polar Vantage V2, worn on the
wrist, showed overall moderate accuracy and increased
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variability. It also demonstrated the typical limitations of
wrist-worn devices, including reduced accuracy at lower HRs
in combination with arm and wrist movements. However, it
demonstrated improved performance at higher intensities and
remains a competitive option within its category. These findings
highlight the challenges associated with wrist-worn HR devices
and the importance of device-wearing position to ensure accurate
HR measurements.

In summary, for users seeking valid and reliable HR monitoring
across various activities, the Verity Sense presents a strong
alternative to ECG-based chest straps. For practical
implementation, device selection should be guided by the
intended use case, required accuracy, and user needs. Optimizing
the chosen device and wearing position is essential to ensuring
the highest possible accuracy within its specific context.
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ECG: electrocardiogram
HIIT: high-intensity interval training
HR: heart rate
LoA: limits of agreement
MAE: mean absolute error
MAPE: mean absolute percentage error
PPG: photoplethysmography
RMSE: root-mean-square error
WSCV: within-subject coefficient of variation
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Abstract

Background: Heart failure remains a major global health issue, significantly impacting patients’ quality of life due to its chronic
and progressive nature. Effective discharge planning, including educational interventions such as videos and booklets, plays a
crucial role in enhancing self-care management and overall patient well-being.

Objective: The aim of this study is to evaluate the effects of discharge planning videos and booklets on the quality of life of
patients with heart failure.

Methods: This study used a quasi-experimental design and was conducted at PKU Muhammadiyah Gamping Hospital from
July to November 2024. A total of 42 participants who met the inclusion criteria were selected based on sample size calculations
using G*Power and were evenly assigned to intervention and control groups. Both groups received standard discharge planning
provided by health care professionals. Discharge planning videos and booklets were developed as educational tools for the
intervention group. The Minnesota Living With Heart Failure Questionnaire was used to assess quality of life. The independent
sample t test was used to analyze the effect of the intervention using SPSS (version 29). This study was conducted in accordance
with the ethical principles outlined in the Declaration of Helsinki and was approved by the institutional review board (number
150/KEP-PKU/VII/2024).

Results: The intervention significantly improved the quality of life of patients with heart failure, with the mean score decreasing
from 39.00 (SD 8.11) to 24.76 (SD 4.02; P<.001) in the intervention group. In contrast, the control group showed minimal change,
from 39.90 (SD 5.89) to 40.24 (SD 5.84), resulting in a statistically significant between-group difference of 15.58 (P<.001).
Furthermore, the effect size was large (Cohen d=3.09), suggesting a strong practical significance of the intervention in enhancing
the quality of life among patients with heart failure. Moreover, the mean Minnesota Living With Heart Failure Questionnaire
scores across 4 domains—physical, mental, emotional, and social—also showed significant improvements after the intervention.
The intervention group experienced reductions in all domains: physical (9.95 to 6.76), mental (7.81 to 5.62), emotional (13.19
to 7.48), and social (8.05 to 4.90), whereas the control group showed minimal or no change. These results indicate that the
intervention effectively improved patients’ quality of life across multiple dimensions.

Conclusions: Discharge planning through videos and booklets may improve the quality of life of patients with heart failure
compared to standard care. These findings highlight the potential clinical value of structured patient education. The intervention
appeared to enhance patients’ understanding of their condition and support self-management behaviors, including adherence to
lifestyle recommendations. However, they should be interpreted with caution and confirmed through further studies with larger
and more diverse populations.

(JMIR Cardio 2025;9:e75417)   doi:10.2196/75417

KEYWORDS

discharge planning; heart failure; patient-centered care; quality of life; video

Introduction

Heart failure is a chronic and progressive condition that
significantly impairs the quality of life (QoL) of patients
globally. Characterized by the heart’s inability to pump blood
efficiently, it manifests through symptoms such as shortness of

breath, fatigue, and fluid retention. Despite advancements in
medical treatments, heart failure remains a leading cause of
hospitalization and mortality, imposing a substantial burden on
health care systems and patients alike [1-3]. In Indonesia, heart
failure is among the top 10 noncommunicable diseases, with
229,696 (0.13%) patients diagnosed with the condition.
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Additionally, based on doctor’s diagnoses or symptoms, the
prevalence of heart failure in Indonesia is estimated at 1.5%,
affecting approximately 2,650,340 individuals [4]. These
alarming statistics highlight the urgent need for effective
management strategies to mitigate the growing burden of heart
failure.

The management of heart failure is multifaceted, requiring not
only pharmacological interventions but also comprehensive
patient education and self-care strategies [5,6]. Unhealthy
lifestyles and the inability of patients to independently manage
their condition are significant contributors to the rising incidence
of heart failure. Addressing these factors necessitates a focus
on enhancing self-management among patients with heart
failure. In this context, discharge planning emerges as a critical
component in ensuring that patients are equipped with the
necessary knowledge and skills to manage their condition
effectively after leaving the hospital [7,8].

Discharge planning is a multidisciplinary process designed to
facilitate the transition of patients from hospital to home, thereby
reducing the risk of readmission and improving overall health
outcomes. It involves the coordination of care, patient education,
and the provision of resources to support self-management [7].
Numerous studies have underscored the importance of discharge
planning in improving health outcomes for patients with heart
failure. For instance, Rice et al [9] demonstrated that
comprehensive discharge planning and postdischarge support
significantly enhance health outcomes, potentially improving
patients’ QoL through better education and resources [9].
Similarly, Graupner et al [10] found that structured discharge
planning interventions led to improved outcomes, including
enhanced QoL, increased knowledge related to heart failure,
improved self-care behaviors, and reduced readmission rates.
These findings underscore the critical role of well-designed
discharge planning programs in addressing the multifaceted
challenges faced by patients with heart failure.

Patient education is a cornerstone of effective heart failure
management. Empowering patients with the knowledge and
skills to actively participate in their care can lead to better
adherence to treatment regimens, improved symptom
management, and reduced hospital readmissions [11-13].
However, many patients face challenges such as low health
literacy, cognitive impairments, or language barriers, which can
hinder their ability to understand and apply the information
provided. Additionally, the emotional and psychological burden
of living with a chronic condition like heart failure can further
complicate the educational process [14,15].

In recent years, the advent of digital technology has opened new
avenues for enhancing patient education and engagement [16].
Multimedia tools, such as videos, offer a promising solution by
presenting information in a clear, concise, and visually appealing
manner. Videos can be tailored to address the specific needs
and preferences of individual patients, making the content more
relevant and effective [17-19]. For example, videos can
demonstrate proper techniques for monitoring blood pressure,
taking medications, or performing physical exercises, providing
patients with practical guidance that they can easily follow at
home. Moreover, videos can be accessed repeatedly, allowing

patients to review the information as needed, which reinforces
learning and promotes long-term retention [20-22].

Although videos offer a dynamic and engaging medium for
patient education, booklets remain a valuable complementary
tool. Booklets provide a written reference that patients can
consult at their own pace, offering detailed information on
various aspects of heart failure management, such as dietary
recommendations, medication schedules, and warning signs of
worsening symptoms [23,24]. They can also include diagrams,
charts, and checklists to facilitate their understanding and
application of the information. Furthermore, booklets can be
customized to reflect the cultural and linguistic diversity of the
patient population, ensuring that the content is accessible and
relevant to all [25-27]. The integration of videos and booklets
in discharge planning may offer a synergistic effect, enhancing
the overall quality of patient education. Videos can capture the
patient’s attention and convey key messages in an engaging
manner, while booklets provide a comprehensive resource for
additional details and clarification [28,29]. Together, these tools
address the cognitive, emotional, and practical aspects of patient
education, promoting a more holistic approach to self-care.
Therefore, this study aims to evaluate the effects of discharge
planning videos and booklets on the QoL of patients with heart
failure. It is hypothesized that patients who receive discharge
planning with video and booklet support will experience a
significantly greater improvement in QoL compared to those
who receive standard discharge planning alone.

Methods

Design and Setting
This quasi-experimental study was conducted at PKU
Muhammadiyah Gamping Hospital from July to November
2024. Such studies offer a valuable alternative for estimating
causal relationships and are increasingly used as more
observational data become available [30].

Participants and Sampling
The study population consisted of patients with heart failure
hospitalized at PKU Muhammadiyah Gamping Hospital. The
sample size was calculated using G*Power (version 3.1),
applying a t test for independent means (two groups) with a
significance level of 0.05, statistical power of 0.80, and an effect
size of 0.80 (large). A large effect size (Cohen d=0.8) was
assumed based on prior studies demonstrating marked
improvements in the QoL of patients with heart failure following
structured educational interventions [31,32]. A total of 42
respondents were recruited and equally divided into two groups:
21 in the intervention group and 21 in the control group.
Inclusion criteria included patients who had heart failure
classified as grade 1 or 2, were aged over 20 years, were literate,
and were smartphone users. Exclusion criteria included patients
who died, were readmitted within a month, or had more than 3
comorbidities.

Intervention
Both groups received standard discharge planning provided by
health care professionals. In addition, the intervention group
received supplementary educational materials in the form of a
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video and a booklet, specifically developed to enhance patients’
understanding of self-care following hospital discharge. The
content of these materials was guided by the Self-Care of Heart
Failure Index framework and emphasized 3 core components:
symptom monitoring, adherence to treatment, and self-care
management.

The educational video, lasting 4 minutes and 27 seconds,
included information on the definition and symptoms of heart
failure, contributing risk factors, dietary recommendations,
medication adherence, and strategies for home-based care. The
video was uploaded to YouTube to ensure ease of access and
could be rewatched as needed by patients or their caregivers
[33]. The accompanying booklet (Multimedia Appendix 1)
served as a written reference that reinforced the video content
and included illustrations and simple language tailored to
patients with varying literacy levels.

Both the video and booklet were developed collaboratively by
a team of nursing lecturers, cardiologists, and cardiology ward
nurses to ensure clinical accuracy and contextual relevance. The
materials were reviewed through an expert validation process
involving 2 cardiologists and 3 senior nurses using a structured
content validity checklist. Additionally, the materials were
pilot-tested with a group of 5 patients with heart failure to assess
clarity, usability, and acceptability. Feedback from the pilot
testing was used to refine the wording, visuals, and delivery
method of the materials before full implementation in the study.

Outcome Measurement: QoL
The Minnesota Living With Heart Failure Questionnaire
(MLHFQ) was used to assess QoL across 4 domains: physical,
emotional, mental, and social. The Indonesian version of the
MLHFQ consists of 20 validated items (excluding question 10
due to low item correlation), scored using a 4-point Likert scale.
Lower scores indicate better QoL, whereas higher scores reflect
poorer perceived health status. Total scores range from 24 to
80, categorized as <24 (good), 24‐45 (moderate), and >45
(poor). The instrument showed high reliability (Cronbach
α=0.954) [34,35].

Data Collection and Analysis
Data collection occurred in 2 phases: a pretest before
intervention and a posttest 4 weeks after intervention. Patients

completed the MLHFQ questionnaire at both time points to
assess changes in QoL (Multimedia Appendix 2). All data were
analyzed using SPSS (version 29; IBM Corp). Descriptive
statistical analysis was conducted for sociodemographic
variables, including age, sex, education, and occupation. These
characteristics were presented using frequencies and percentages
for each group. The Shapiro-Wilk test was also used to assess
the homogeneity of sociodemographic data distributions between
groups. The Shapiro-Wilk test confirmed normal distribution
(Multimedia Appendix 3), allowing for parametric tests. Paired
t tests were used to compare pretest and posttest scores within
groups, while independent t tests compared differences between
groups at each time point.

Ethical Considerations
This study was conducted in accordance with the ethical
principles outlined in the Declaration of Helsinki and was
approved by the institutional review board of PKU
Muhammadiyah Gamping Hospital, Indonesia
(150/KEP-PKU/VII/2024). All participants provided written
informed consent prior to participation, which included consent
for the use of their data in secondary analyses. The
confidentiality and privacy of participants were protected by
using anonymized codes in all data records, and no personally
identifiable information was collected or reported. Participants
did not receive any monetary or material compensation for their
involvement in the study. Additionally, no images or materials
containing identifiable features of individual participants are
included in this manuscript or its supplementary files.

Results

Sociodemographics of the Participants
Detailed information on participant flow and allocation can be
seen in Figure 1. Table 1 summarizes the sociodemographic
characteristics of participants (n=42) in both groups. The mean
age was comparable (intervention: 62.8, SD 12.3; control: 60.7,
SD 15.7 y), with a higher proportion of males in both groups.
Primary education was most common, and more participants
in the intervention group were employed. All P values were
>.05, indicating no significant baseline differences between
groups, suggesting balanced sociodemographic characteristics.
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Figure 1. Flow diagram of participant attrition. ITT: intention-to-treat.
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Table . Sociodemographics of the participants.

P valueaGroupVariables

ControlIntervention

.2860.7 (15.7)62.8 (12.3)Age, mean (SD)

Age, n (%)

10 (47.6)9 (42.9)<Mean

11 (52.4)12 (57.1)>Mean

.84Sex, n (%)

12 (57.1)15 (71.4)Male

9 (42.9)6 (28.6)Female

.67Education, n (%)

10 (47.6)5 (23.8)Primary

2 (9.5)2 (9.5)Secondary

8 (38.1)10 (47.6)Tertiary

1 (4.8)4 (19)University

.31Occupation, n (%)

10 (47.6)13 (61.9)Employed

11 (52.4)8 (38.1)Unemployed

aHomogenity test by Shapiro-Wilk.

The Effect of the Intervention on the QoL of Patients
With Heart Failure
Table 2 presents the impact of discharge planning using videos
and booklets on the QoL of patients with heart failure. Before
the intervention, the mean scores were similar between groups
(intervention: 39.00, SD 8.11; control: 39.90, SD 5.89). After
the intervention, the intervention group’s mean score
significantly decreased to 24.76 (SD 4.02; P<.001), while the

control group showed minimal change (40.24, SD 5.84; P=.031).
The postintervention difference between groups was statistically
significant (mean difference=15.58; P<.001), indicating that
the intervention substantially improved patients’QoL compared
to standard discharge planning. Furthermore, the effect size was
large (Cohen d=3.09), suggesting a strong practical significance
of the intervention in enhancing QoL among patients with heart
failure.

Table . The effect of the intervention on the quality of life of patients with heart failure.

GroupParameters

ControlIntervention

39.90 (5.89)39.00 (8.11)Pretest, mean (SD)

40.24 (5.84)24.76 (4.02)Posttesta, mean (SD)

.03<.001Significanceb

aPosttest, the mean difference between the intervention and control group was 15.58 (independent sample t test P<.001; Cohen d=3.09).
bPaired t test.

Figure 2 illustrates the mean MLHFQ scores across 4
domains—physical, mental, emotional, and social—before and
after the intervention. The intervention group showed significant
reductions in all domains: physical (9.95 to 6.76), mental (7.81

to 5.62), emotional (13.19 to 7.48), and social (8.05 to 4.90).
In contrast, the control group showed minimal or no change.
These results indicate that the intervention effectively improved
patients’ QoL across multiple dimensions.
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Figure 2. Comparison of mean scores and standard deviation between two groups.

Discussion

Principal Findings
The results of this study demonstrated a statistically significant
improvement in the QoL of patients with heart failure who
received discharge planning interventions involving educational
videos and booklets, as evidenced by the independent sample
t test (P<.001). Although the control group exhibited a
statistically significant change, the numerical difference was
minimal and is unlikely to represent a clinically meaningful
effect. This change may reflect random sampling variability
rather than a true treatment-related outcome. This significant
difference underscores the effectiveness of these multimedia
tools in enhancing patients’ understanding of self-care,
promoting adherence to management strategies, and ultimately
improving their overall QoL compared to the control group.
The findings suggest that integrating videos and booklets into
discharge planning can serve as a valuable approach in clinical
settings, offering a practical and accessible means to empower
patients and address the multifaceted challenges of heart failure
management [36,37]. These results align with previous research
emphasizing the importance of structured patient education and
support in improving health outcomes, further validating the
potential of such interventions to reduce the burden of heart
failure and enhance patients’ well-being [38,39].

Multimedia Tools in Patient Education
The use of educational videos in discharge planning likely
contributed to the observed improvements by presenting
complex medical information in a clear, engaging, and visually
appealing manner. Murphy et al [40] emphasized that the
dynamic nature of videos allows for the inclusion of visual and
auditory elements, which cater to different learning styles,
making the information more accessible to a broader audience.

Similarly, Saluky and Bahiyah [41] highlighted that the ability
to revisit video content allows patients to reinforce
comprehension, address areas of difficulty, and improve
long-term retention of key information. This aligns with studies
highlighting the advantages of multimedia tools in overcoming
barriers such as low health literacy, cognitive impairments, and
language difficulties, which are common among patients with
heart failure. By addressing these barriers, videos can enhance
patients’ confidence and ability to manage their condition
independently, ultimately leading to better health outcomes
[42,43].

The inclusion of booklets in the intervention provided a
complementary resource that allowed patients to access detailed
written information at their convenience. Booklets serve as a
reliable reference for patients, offering step-by-step guidance
on dietary recommendations, exercise routines, and medication
management [44-46]. This dual approach—combining the
dynamic nature of videos with the comprehensive detail of
booklets—likely created a synergistic effect, enhancing the
overall impact of the discharge planning intervention. The
combination of these tools addresses both the immediate and
long-term educational needs of patients, providing them with
the resources necessary to manage their condition effectively
over time [47-50].

Psychosocial Benefits of Multimedia-Based Discharge
Planning
The significant improvement in QoL observed in this study also
highlights the importance of addressing the emotional and
psychological aspects of living with heart failure. Tsabedze et
al [51] stated that depression and anxiety symptoms were found
in over half of patients attending the congestive heart failure
clinic, highlighting how chronic conditions like heart failure
often lead to emotional distress and a sense of helplessness,
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which can hinder patients’ ability to engage in self-care [52].
By providing clear, actionable information through videos and
booklets, the intervention may have alleviated some of these
emotional burdens, empowering patients to take control of their
health. This is particularly important given the strong link
between psychological well-being and adherence to treatment
regimens. The positive outcomes observed in this study suggest
that multimedia-based discharge planning can play a crucial
role in fostering a sense of empowerment and resilience among
patients with heart failure [53,54].

Study Implications
The findings of this study have important implications for health
care systems, particularly in resource-limited settings. Heart
failure is a global health challenge that places a significant
burden on health care infrastructure, with high rates of
hospitalization and readmission [55,56]. Effective discharge
planning interventions, such as the use of videos and booklets,
offer a cost-effective and scalable solution to improve patient
outcomes and reduce health care costs [57-60]. These tools can
be easily disseminated and adapted to meet the needs of diverse
patient populations, making them a viable option for widespread
implementation. Additionally, the use of multimedia tools aligns
with the growing trend of digital health solutions, which have
the potential to revolutionize patient education and
self-management. By leveraging technology, health care
providers can deliver high-quality education to patients in a
format that is both accessible and engaging [16,61].

Strengths and Limitations
One of the key strengths of this study lies in its innovative
approach to discharge planning, which combines educational
videos and booklets to address the diverse learning needs of
patients with heart failure. Additionally, the study adopts a
holistic perspective, focusing not only on clinical outcomes but
also on the emotional and psychological challenges faced by
patients. This patient-centered design empowers individuals
with knowledge and practical tools, promoting better self-care
and overall QoL. The intervention’s scalability and accessibility
further strengthen its potential, as videos and booklets are
cost-effective and can be adapted to various health care settings,
including resource-limited environments.

However, this study has several limitations that should be
considered. First, the quasi-experimental design, while practical
for real-world settings, lacks the methodological rigor of a
randomized controlled trial, which limits the strength of causal
inferences. Second, the short follow-up period of 4 weeks
restricts the ability to assess the long-term sustainability of
improvements in QoL and self-care. Third, although the
intervention was designed to be scalable, its implementation in
resource-limited settings may face challenges related to limited
technological access, funding constraints, and staff capacity.
Fourth, the study did not account for several external variables
such as socioeconomic status, family support, and comorbidities,
which could have influenced patient outcomes and introduced
potential confounding. Fifth, although baseline measures
between groups were relatively similar, the analysis did not
statistically adjust for baseline differences, which may limit the
precision of the estimated intervention effects, particularly given
the small sample size.

Recommendations and Future Work
Given the positive outcomes observed, future studies should
explore the long-term effects of discharge education using
multimedia and printed materials, particularly in diverse health
care settings and among patients with varying levels of health
literacy. It is also recommended to conduct randomized
controlled trials to strengthen causal inferences and examine
the cost-effectiveness of such interventions. Additionally,
integrating digital tools such as mobile health apps could be
considered to further support patient self-management beyond
hospital discharge.

Conclusions
This study suggests that discharge planning incorporating videos
and booklets may help improve the QoL of patients with heart
failure compared to standard care. The intervention appeared
to enhance patients’understanding of their condition and support
self-management behaviors, including adherence to lifestyle
recommendations. Although the results indicate the potential
value of structured, multimedia-based patient education, these
findings should be interpreted with caution and considered
preliminary. Further research with larger, more diverse
populations is recommended to confirm the observed effects
and assess broader clinical applicability.
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Abstract

Background: Nonadherence to medication is a key factor contributing to high heart failure (HF) rehospitalization rates. A
conversational agent (CA) or chatbot is a technology that can enhance medication adherence by helping patients self-manage
their medication routines at home.

Objective: This study outlines the conception of a design method for developing a CA to support patients in medication
adherence, utilizing design thinking as the primary process for gathering requirements, prototyping, and testing. We apply this
design method to the ongoing development of Medical Assistance and Rehabilitation Intelligent Agent (MARIA), a rule-based
CA.

Methods: Following the design thinking process, at the ideation stage, we engaged a multidisciplinary group of stakeholders
(patients and pharmacists) to elicit requirements for the early conception of MARIA. In collaboration with pharmacists, we
structured MARIA’s dialogue into a workflow based on Adlerian therapy, a psychoeducational theory. At the testing stage, we
conducted an observational study using the Wizard of Oz (WoZ) research method to simulate the MARIA prototype with 20
patient participants. This approach validated and refined our application of Adlerian therapy in the CA’s dialogue. We incorporated
human-likeness and trust scoring into user satisfaction assessments after each WoZ session to evaluate MARIA’s feasibility and
acceptance of medication adherence. Dialogue data collected through WoZ simulations were analyzed using a coding analysis
technique.

Results: Our design method for the CA revealed gaps in MARIA’s conception, including (1) handling negative responses, (2)
appropriate use of emoticons to enhance human-likeness, (3) system feedback mechanisms during turn-taking delays, and (4)
defining the extent to which a CA can communicate on behalf of a health care provider regarding medication adherence.

Conclusions: The design thinking process provided interactive steps to involve users early in the development of a CA. Notably,
the use of WoZ in an observational clinical protocol highlighted the following: (1) coding analysis offered guidelines for modeling
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CA dialogue with patient safety in mind; (2) incorporating human-likeness and trust in user satisfaction assessments provided
insights into attributes that foster patient trust in a CA; and (3) the application of Adlerian therapy demonstrated its effectiveness
in motivating patients with HF to adhere to medication within a CA framework. In conclusion, our method is valuable for modeling
and validating CA interactions with patients, assessing system reliability, user expectations, and constraints. It can guide designers
in leveraging existing CA technologies, such as ChatGPT or AWS Lex, for adaptation in health care settings.

(JMIR Cardio 2025;9:e55846)   doi:10.2196/55846

KEYWORDS

heart failure; medication adherence; self-monitoring; chatbot; conversational agent; Wizard of Oz; digital health

Introduction

Background and Motivation
Heart failure (HF) is a global concern associated with significant
morbidity and mortality [1]. Recent findings from the
ASIAN‐HF registry suggest a potential shift in the HF burden
from North America, Western Europe, and Eastern Europe to
the Asia-Pacific region [2].

According to the ASIAN‐HF registry, within Asia, Southeast
Asian patients have the highest burden of risk factors and worse
outcomes than Northeast and South Asian patients [2,3]. This
burden pressures individuals, their families, and the health care
systems through various costs, with the most prominent being
repeated hospitalizations [1]. For example, as high as 10% of
hospital admissions are related to HF. The total HF costs
accounted for approximately 1.8% of total health expenditure
[4].

Studies show that HF’s rehospitalization and mortality rates
were influenced by patients’ medication nonadherence [5-7].
As poor self-motivation and inadequate medication knowledge
are the typical reasons for medication nonadherence, doctors
and health care workers should emphasize the importance of
medication adherence by constantly providing appropriate
encouragement and education to patients [8,9].

Research has shown that some of these factors leading to
hospitalizations are preventable by close home monitoring
supported by family or nurse practitioners [6]. Nonetheless,
such programs are challenging to apply in our local setting due
to the limited number of specialized HF nurses who can support
the wider HF patient population.

Therefore, we explore related work that uses conversational
agent (CA), a type of artificial intelligence (AI) application that
can be leveraged to assist in the self-monitoring of patients with
HF in the following section.

A CA is a computer program capable of understanding natural
human language (in text, speech, or both forms) and responding
autonomously using the same language [10]. They can be
accessed through a variety of ways, such as social media
platforms (eg, Facebook Messenger), websites, and smartphone
apps, or deployed using stand-alone digital devices (eg, Alexa,
Google Assistant, and Siri). The first CA, ELIZA, was created
by Joseph Weizenbaum at the Massachusetts Institute of
Technology in 1966 [11].

ELIZA was developed to converse with the users via text,
imitating a psychotherapist, to fool them into believing that they
were talking to a human being. Today, thanks to technological
advancements in AI, CAs can handle much more complex tasks
in a wide variety of fields, including finance, education, travel,
and retail [12-15], and they are predicted to be used even more
widely in the future [16].

Engaging in natural conversation with humans is the main
characteristic of CA, and current methods refer to conversation
theory (demonstrated in Figure 1 [17]), such as using advanced
machine learning methods to extract users’ intents from their
utterances (speech) [18].

For a CA to produce natural conversations in a narrative manner,
the format of the content must be outlined through rule-based
workflows, templates, or intent-driven approaches to create an
output. Every CA that uses a natural language system relies on
narrative design, also called conversation design, to produce
that output.
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Figure 1. Simplified view of conversation theory.

Conversational design combines several disciplines, including
copywriting, user experience design, interaction design, visual
design, motion design, and, if relevant, voice and audio design.
Conversation design not only requires using natural
conversational language but also creates logically sound
conversational flow and design specifications that capture the
entire user experience. More recently, machine learning
capabilities have been used in CA to provide the ability to learn
from the data so that an adaptable context of responses can be
provided to the users.

There are several ways to generate the responses. First, is the
rule-based method in which the CA produces a response by
selecting it from a pool of predetermined responses either
following simple rules to match phrases or identifying specific
keywords in the text [19].

The second type is the generative-based CAs, which use AI
algorithms to develop a contextual response informed by the
system’s previous and ongoing learning [20].

Rule-based CAs allow developers greater control over the
conversation content and flow, which is a useful feature when
developing CAs for health care. By contrast, AI algorithms,
particularly neural networks, may develop decisions that are
not explainable or understood by the end user, referred to as the
black box [20]. In health care settings, the black box effect may
lead to biased or erroneous decision-making and patient harm
which is highly dependent on the type of algorithms used to
learn and generate the responses.

Therefore, in our work, we choose to develop a rule-based CA,
given that it will allow developers better control and
transparency in the responses.

Researchers have effectively innovated the application of CA
in the digital health (DH) area, covering functions such as
scheduling doctor appointments, monitoring medication intake,
checking symptoms, diagnosing, providing treatment plans, and
helping patients with rehabilitation [21-24]. DH has a broad
scope that includes categories such as mobile health, health
information technology, wearable devices, telehealth and
telemedicine, and personalized medicine [7].

There are existing applications developed for supporting patients
with HF. CARDIAC is a human-centered conversational
assistant that helps patients with HF monitor their health status
through reminders, question answering, relevant data collection,
and generating data tendencies and personal health records [25].
Another CA, DIL, improves the self-care and quality of life of
patients with HF by motivating them to adhere to a healthy
lifestyle, including a controlled diet, a continuous medication
routine, and regular exercise [26]. As a medication advisor,
CARMIE speaks in Portuguese and interacts with patients with
HF in real time to provide quality answers to medication-related
questions according to its knowledge representation model and
patients’ prescriptions [27].

Based on our literature review [10-12,26,28-31], the existing
CAs in the HF area concentrated on developing functional
features’ effectiveness and accuracy. However, no study has
specifically displayed a method for building agents’ natural
language–based conversations to encourage and educate patients
with HF about medication adherence, nor a standard for
evaluating this type of CA design early in the development stage
as a DH solution.

Therefore, our study aims to adopt established design methods
and conceive them into a systematic method that uses a clinical
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observational study protocol. We use observational study
protocol to produce new knowledge in improving conversational
design, examine acceptability, and reduce uncertainties in the
harmful effects of using CA in medication adherence. It will
fill the gap of the existing studies in the DH domain in designing
a CA (or chatbot) that encourages and educates patients about
medication adherence.

Prior Work

Overview
In the following subsections, we will review the prior work in
related research studies.

Designing a CA Agent With Human-Likeness Attributes
To fill the gap in the existing studies and strategically motivate
patients to change medication adherence behavior, we searched
for suitable psychological theories to support our CA dialogue.
Adlerian psychoeducational therapy emphasizes that
encouragement is the key to achieving an individual’s growth
and development [13]. Developed by Alfred Adler [32], the
approach states that the motivation of an individual’s behavior
change can be goal oriented and related to one’s relationship
with others and contributions to society [14]. This therapy aims
to help individuals identify their mistaken beliefs in their
capabilities and apply appropriate improvements to reinforce
their strengths and compensate for their weaknesses. It
encourages individuals to regain their confidence in achieving
their goals. The therapy is widely used in mental health
treatment for anxiety, depression, behavior disorders, mental
disorders, and career encouragement [15]. Adlerian
psychologists encourage their patients by using therapeutic
skills. For instance, they enhance patients’ self-efficacy and
affirm patients’ capabilities and potentials by narrating other
patients’ successful experiences to build good examples. They
help patients recognize and believe in their strengths, resources,
progress, and positive sides of life experiences and encourage
them to keep striving toward their goals [16].

The storytelling method to encourage individuals to learn how
relevant peers have successfully solved a similar problem is
also conceptualized in Social Cognitive Theory [33,34]. Being
expanded by Albert Bandura [35], Social Cognitive Theory
studies individuals’ behavior change through the impact of
individuals’ experiences, the achievements of others, and the
influences from surroundings [36]. The theory believes that an
individual could learn similar behaviors from observing the
successful experiences of others [37].

The Tripartite Encouragement Model is a psychological
framework that combines the insights of encouragement, verbal
persuasion, and character strength and virtues [16]. The
Tripartite Encouragement Model introduces the concept of
effective encouragement to optimize the positive influences of
encouragement to recipients. An encouragement message could
effectively motivate recipients’ self-efficacy by emphasizing
their progress rather than pointing out their distance apart from
the target. Highlighting the process-oriented factors is another
way to improve the effectiveness of encouragement, such as
emphasizing the recipient’s positive effort, attitude, and feelings.

Cialdini and Sagarin’s [18] principles of interpersonal influence
contain psychological persuasion strategies to trigger
individuals’ acceptance of requests while hesitating. The
principle of commitment and consistency states that individuals
tend to accept a request consistent with their committed position
[18]. The 4-wall technique asks individuals several
easy-to-say-“yes” questions first, then leads them to comply
with the final crucial request [38]. The principle of reciprocity
demonstrates that individuals tend to accept a request if
requestors offer a concession [18]. The reciprocal concession
procedure significantly reduces the requested content after the
initial request gets rejected, which could make the new request
more acceptable [39].

Anthropomorphism, or human-likeness, is a phenomenon that
also occurs in human-technology interaction contexts. It is used
to enhance user experience in chatbots. This approach is
typically implemented through the CA or chatbot’s visual
representation, such as an illustration, image, or animated avatar,
alongside a persona that defines various humanlike
characteristics, including sex, gender, education, race, and age
[40,41]. These features are often selected to reflect the target
audience, such as an avatar having a similar skin tone, wearing
local attire, or having a common local name [42]. Additionally,
conversation style plays a crucial role, with the use of slang,
local accents, and culturally appropriate vocabulary tailored to
the users’ demographic [40]. Another significant factor in
shaping a chatbot’s humanlike persona is its social role. For
example, adopting a peer persona or an expert persona (eg, a
doctor) has been shown to be effective, particularly in
medical-related chatbots [40].

The existing design guidelines for CAs explain that similarity
attraction significantly impacts users’ acceptance of the system
because individuals tend to apply human-human interaction to
engage with virtual agents [43]. Individuals prefer to engage
with those with similar experiences or interests, and the
similarities could create more conversations to establish
relationships and trust [44]. Existing studies also suggest that
the human-likeness of the CA is essential [43]. Human beings
spontaneously mix emotions and languages to display their
feelings and reactions during face-to-face conversations. Emojis
can display speakers’ emotions and optimize the chatting
experiences during text-based online communication [45]. Some
studies recommend adding an intentional pause between
messages sent and received to generate a natural feeling as
chatting with a human [46]. The pause will also allow users to
think and type their responses [47]. When applying
encouragement and education strategies, the credibility appeal
could be enhanced by providing reliable evidence of the
information to users [48]. Furthermore, people tend to trust an
individual with a consistent personality that indicates one’s
capability, predictability, and reliability [43]. The patterns in
language use could reveal one’s personality [49]. Moreover,
finding the right balance of anthropomorphism—without
overdoing it, which can diminish the sense of
human-likeness—has been shown to increase user engagement,
compliance, satisfaction, and the intention to reuse chatbots
[50].

JMIR Cardio 2025 | vol. 9 | e55846 | p.89https://cardio.jmir.org/2025/1/e55846
(page number not for citation purposes)

Abdullah et alJMIR CARDIO

XSL•FO
RenderX

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


In applying an agent-based concept in modeling CA, protocols
play a central role in agent communication with humans or
another CA. A protocol specifies the rules of interaction between
2 or more communicating agents by restricting the range of
allowed follow-up utterances for each agent at any stage during
a communicative interaction (dialogue). Such a protocol may
be imposed by the designer of a particular system or it may have
been agreed upon by the agents taking part in a particular
communicative interaction before that interaction takes place
[51].

Wizard of Oz Procedure in the Elicitation of
Requirements and User Experience
Wizard of Oz (WoZ) is a well-established method for simulating
the functionality and user experience of future systems, where
humans simulate all or part of the behaviors and functionalities
of an automated system [52,53]. Using a human wizard to mimic
certain operations of a potential system is particularly useful in
situations where extensive engineering effort would otherwise
be needed to explore the design possibilities offered by such
operations [53].

The term “Wizard of Oz (WoZ)” was first coined by John Kelley
[54], who used this technique to simulate a calendar application
that could be operated via natural language input [53]. The
method was also occasionally referred to as “Pay No Attention
to the Man Behind the Curtain” and “OZ paradigm” [53,55].
Over time, the use of WoZ expanded beyond the use of
simulating text-based interfaces to include interfaces involving
speech, gesture, facial recognition, and multimodal user
interactions [53,56-58].

There are several key uses of the WoZ method for designing
interactive systems. One major application is in interaction
design, where WoZ is used to explore human-computer
dialogues and interaction strategies. Additionally, WoZ is used
to collect text and speech corpora (ie, eliciting requirements),
which aids both interaction design and engineering work by
training and fine-tuning technology components. A third key
use involves employing WoZ to develop early prototype
technology components, allowing for the evaluation of system
performance in specific application areas without the need for
full-scale engineering efforts. Overall, these uses fall into 4
broad categories: exploring interaction strategies, designing

dialogues, collecting corpora, and evaluating system components
[53].

In recent years, researchers have utilized WoZ for various
purposes within these categories, such as building a data set to
create a virtual assistant for helping programmers use application
programming interfaces [59], simulating autonomous driving
cars [60,61], developing drive-assist features [62], conducting
virtual reality elicitation studies [63], and creating a mixed
reality game [64].

In our study, we use the WoZ method for 2 main objectives.
First, to simulate the Medical Assistance and Rehabilitation
Intelligent Agent (MARIA) prototype to validate and improve
our use of Alderian theory in designing the CA’s workflow for
medication adherence. Second, to test and improve the overall
user experiences using MARIA, which engages users in
adherence to medication.

Goal of Study
The goal of our study is to conceive a design method for
developing CA for patients’use in medication adherence, using
design thinking as the main process for gathering requirements,
prototyping, and testing.

We apply our design method in the ongoing development of
MARIA, a rule-based CA.

The end goal of the study is to identify improvements in the
functionality and dialogue construction of MARIA. This could
be applied to leverage existing technologies that use CA or
chatbot, such as ChatGPT or AWS Lex, to adapt it within a
health care setting.

In this paper, we report on the results of our observation study
protocol applying our design method for CA development.

Methods

Design Thinking Processes

Methodology Processes
The design thinking methodology consists of 5 processes
(phases) [65]: empathize, define, ideate, prototype, and test, as
shown in Figure 2.

Figure 2. Design thinking methodology.

The process can be nonlinear and iterated until the best solution
to the problem is achieved [66]. In our research, we conducted
1 iteration of the design thinking process to improve our
prototype design.

Empathize
Constructing empathy to understand the stakeholders and their
problems is essential in human-centered consideration and is
the core of the design thinking process [67]. In our research,
we conducted the steps outlined in Textbox 1 to gather detailed
information to understand the problem and stakeholders’ needs
better.
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Textbox 1. Steps to gather information to understand the problem and stakeholders’ needs better.

• Review of the current state of the system

We reviewed the previous achievements of Medical Assistance and Rehabilitation Intelligent Agent’s (MARIA) design to observe the relevant context,
including the tasks accomplished by the Monash research team in this project [33,68].

• Work practice observations and interviews

As MARIA aims to perform as a personal nurse assistant to motivate patients about medication adherence, we studied the work procedures for managing
patients with heart failure (HF) in Malaysian cardiac centers. We use ethnographic studies and interviews as a method to gain insights into the work
practices in the management of patients with HF [33].

• Design thinking meeting

We organized a design thinking meeting to collect stakeholders’ requirements and practice knowledge about encouraging and educating patients with
HF to adhere to their medication. We refer to the requirements method in the work by Abdullah et al [33] where several iterations of meetings take
place.

The meeting involves direct and indirect stakeholders, those who will be using it directly (patients) and those who are part of the patient management
team (pharmacists and specialists). Specifically for our work, we involved the supervisor from Monash Malaysia as the project lead, at least 3 medical
doctors from the Malaysian cardiac centers, 2 pharmacists, 3 developers, and 1 student researcher from Monash Australia as the MARIA conversational
agent designer. The meetings were conducted iteratively until all team members reached common ground on the pain points of HF management, as
well as the challenges faced by health care practitioners in ensuring medication compliance in these patients. Every meeting was recorded for further
analysis by the researcher and validated by the team.

Define
Based on the requirements of stakeholders’ needs and the
research context, the “Define” stage identifies the problem and
the factors contributing to this problem [67]. We applied the
thematic, qualitative analysis approach to capture stakeholders’
essential requirements and the core issue [69]. We created the
edited transcription to omit the unnecessary content in the
recorded meeting conversations to help us retain the recording
quality and capture the critical information in the collected data
[70]. We marked the latent codes in our meeting transcription
to demonstrate the underlying themes from the interpretative
level [69]. Then, we analyzed and categorized the thematic
codes to define the critical problem and stakeholders’
expectations in MARIA’s expanding design.

Ideate
The conceptual solution to the defined problem is generated in
the ideate phase, and the brainstormed outcomes are the potential
source for building the prototype [66]. We integrated the
literature review of the relevant studies, the context learning of
the cardiac center’s work procedures, and the thematic analysis
of stakeholder’s requirements, and then visually demonstrated
our design concept in the MARIA Interaction Protocol for
Motivating Patients. We used a workflow diagram to display
our protocol. The diagram can illustrate the step-by-step
procedure for completing a task in a logical sequence, define
how information and responsibility are transferred between
parties during the task, clearly indicate the beginning and end
of the process, and display parallel paths reflecting the
consequences of different decisions or alternative options [71].
Our protocol contained the set of activities that MARIA should
carry out and follow during the interaction with patients with
HF. The activities were designed to ensure MARIA performs
the role of personal nurse assistant to encourage and educate
patients about medication adherence from home and reduce
rehospitalizations and medical staff’s workload.

Prototype
A prototype is a quick and cost-saving conceptual model built
to obtain valuable user feedback for further optimization
considering the final product’s practical application [67]. It
leads the design closer to the final solution [66]. Based on our
proposed protocol, we prototyped the conversational templates
using the decision tree method. This method is commonly
adopted in designing the data-mining algorithm for predicting
multiple target variables [72]. We designed our decision-tree
templates to suit the future programming of the MARIA
conversational system [68]. Encouragement and education
strategies were included in the conversational templates to
enhance patients’ confidence in medication adherence. The
design also covered the reinforcement of MARIA’s
human-likeness and reliability to enhance patients’ user
experience and trust for the long-term use of the MARIA
application.

Test
The test stage provides another opportunity to apply empathy
by comparing the user feedback and the initial understanding
of the requirements. It evaluates whether the defined problem
has been successfully addressed and delivers the information
for refining the prototype [66].

We use an observational study protocol to design the WoZ
method and a user satisfaction scoring test at this step.

WoZ was used to simulate MARIA to validate and improve our
use of dialogue designs. The user satisfaction scoring test, by
contrast, was used to evaluate the engagement of patients with
the MARIA prototype (Multimedia Appendix 1).

The WoZ Method for the Observational Study Protocol
Our conceived WoZ in an observational study protocol was
designed to simulate the interaction of MARIA with participants,
aiming to validate (testing) and refine template responses (ie,
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CA’s workflow dialogue) while gathering user experience
feedback.

Given that the aim of using WoZ was ultimately to improve the
design of a rule-based CA, we did not control for participants’
beliefs about whether they were interacting with a real person
or whether the study procedure (ie, the MARIA prototype) was
successful. Instead, participants interacting with MARIA
believed it was autonomous. Our researcher (CHY), acting as
the wizard, operated MARIA from another room.

The number of participants varies from one work to the other
with no consensus on the ideal number of participants when
used in a WoZ method. For example, the work of Bonial et al
[73] involved 10 participants in the study. On the other hand,
Nielsen and Norman’s [74] recommendation for usability
testing, which the WoZ also falls into, required 5 participants
to test. By contrast, in requirements elicitation [75], there are
no specific guidelines for the number of persons required; it
can vary from 2 to 12 persons.

Given that there is no agreement on the number of sample sizes,
we follow a qualitative study recommendation of 20 samples
[76] as an initial sample size. Furthermore, because the protocol
is designed as an interactive process, researchers may stop to
recruit further sample size when analysis suggests that data are
saturated (ie, not many differences in the responses at a certain
point).

Ethical Considerations
MARIA_PRO_VER_3_190122 is registered with the Malaysia
Medical Ethics Committee. The Medical Research Ethics

Committee, the Ministry of Health Malaysia, approved the study
with the registration number NMRR-21-1388-60672 (IIR).
Patients provided informed consent before their involvement
in the study and consented to use their data for analysis. The
patients were provided compensation after completing the WoZ
study.

Privacy and Confidentiality Protection
Participant names for this research have been deidentified and
linked only with a study identification number. Therefore, the
research did not identify the participant’s identity and instead
used anonymized identification numbers on all the data sets.
All data are stored in Monash University Malaysia REDCap
secured cloud and kept for 3 years. Participants can write to the
investigators to request access to study findings.

Study Procedure
During the recruitment and study period, there were 2
researchers, researcher A and researcher B, each located in
separate facilities. Researcher A was based in the cardiac clinic,
whereas researcher B operated from the Clinical Research
Center (CRC) office. Participants were assigned to the cardiac
clinic with researcher A. Researcher B worked from the CRC
office (refer to Figure 3).

The study protocol allowed only 1 participant at a time in each
room, with each session being conducted sequentially, 1
participant following another. Textbox 2 provides an explanation
of the roles and responsibilities of the researcher and participant.
Part A details the roles of researcher A and the participant, while
part B outlines the responsibilities of researcher B.

Figure 3. Overall Wizard of Oz study procedure.
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Textbox 2. Roles and responsibilities of the researcher and participant.

• Part A: role of researcher A and participant/setting: room A—cardiac clinic

• Informed consent process:

• Researcher A explained the details of the research and the participant signed the consent.

• The participant is provided with a unique ID for deidentification purposes.

• Explanation of the process and assisting participants in using the web app:

• The participant will be seated in a room and given a smartphone with the web app preinstalled.

• Researcher A will explain how to use the web app and Medical Assistance and Rehabilitation Intelligent Agent (MARIA), the messaging
chatbot as a self-management tool, in a home setting.

• The participant will log into the web app using the unique ID provided.

• Given scenarios:

• Researcher A gives a set of written scenarios to participants (for participants to recall their usual symptoms or signs that they experienced)
and the common questions or clarification participants would like to ask MARIA related to the given scenario.

• The participants will respond with their questions based on the scenario using the web app messaging feature.

• Part B: role of researcher B (to role-play the wizard) delegated to a qualified medical doctor and pharmacist/setting: room B—Clinical Research
Center office

• Researcher B will be provided with the participant ID and basic information (sociodemographic and medication history).

• Researcher B will refer to the Heart Failure Clinical Practice Guidelines [23] and the Pharmacy Practice and Development Division, the Ministry
of Health Malaysia [77], and the Protocol for the Medication Therapy Adherence Clinic [24]. In particular, the researcher will follow:

• The workflow on therapy medication protocol adherence for furosemide titration, including management of side effects.

• The workflow for general inquiries on the medication side effects of furosemide and beta-blockers [78].

• The workflow on the management of symptoms and signs.

• According to the standard workflow, researcher B will respond to participants via the messaging chatbot provided in the ReportCare app.

• Pharmacists and medical doctors will respond to drug- or clinical-related questions such as medication titration, drug dosage, frequency,
side effects, and drug interaction.

Recruitment
Study participants were recruited from the Hospital Queen
Elizabeth II, Sabah in Malaysia. The participant recruitment
process was from June 2022 to November 2022.

The recruitment process followed the Malaysian Good Clinical
Practice guidelines. The participants for this study were
identified by CHY (principal investigator) at the HF clinic.
During the consultation, the investigator explained the study to
the patients and provided the consent form. If the patient fulfilled
the inclusion and exclusion criteria, they were given sufficient
time to read, discuss the study, and ask any questions. All
questions were answered by the investigator. After addressing
the patient’s concerns, the patient signed the consent form.

Study Population
The study population included patients with chronic HF who
were currently being followed up at the Cardiology Department
Outpatient Clinic in Hospital Queen Elizabeth II. The inclusion
criteria were: (1) age above 18 years, (2) diagnosis of chronic
HF for at least one year, (3) history of symptomatic HF, (4)
ability to write and speak Malay and English, (5) ability to type

and use mobile app messaging, and (6) ability to comply with
the protocol.

The exclusion criteria were as follows: (1) the presence of a
clinical condition that would interfere with participation in the
interview and (2) mental or legal incapacitation preventing the
patient from providing informed consent.

Sample Size
Typically, the sample size is small at the beginning, as the goal
is to explore the system. With each improvement, the process
continues until an acceptable usability score or set of
requirements is achieved [73-75].

As stated in the “The WoZ Method for Observational Study
Protocol” section, given the lack of agreement on sample size,
we follow a qualitative study recommendation of 20 samples
[76].

We use usability scoring as a quantitative standard to determine
the acceptability of the system’s design before proceeding with
implementation. Hence, for the initial sample size, we used a
convenience sampling method, recruiting a minimum of 20
patients for the study.
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• Ten participants can speak and write the Malay language.
• Ten participants can speak and write the English language.

Study Duration
The total time required for each participant to participate in the
study was a maximum of 1 hour.

Wizard Protocol

Overview
Below, we share an excerpt from MARIA’s workflow protocol
for goal setting, daily monitoring, and goal completion.

Wizard Preparation
The wizard (researcher B) launched the web app (Figure 4)
before the patient, entered “MARIA” as the name, and selected
either English or Malay based on the patient’s preferred
language. The participant then waited to launch the web app
(refer to participant protocol). The wizard entered the
participant’s name, after which the web app redirected to the
chatbox, where the participant entered their name(s).

Figure 4. Screenshot of the app displaying the log-in interface including the language selection feature.

Conversation Protocol
In this study, the participant will ask questions based on the
conversation flowchart (Figure 5). If the question follows the
predefined flow, researcher B (wizard) will respond or ask a
follow-up question accordingly. However, if the question or
response deviates from the flow, researcher B (wizard) will

intervene, providing an appropriate response or asking a relevant
question to steer the conversation back on track. This
intervention ensures that the discussion remains focused and
addresses any inquiries outside the predefined flow. Researcher
B (wizard) will continue following the conversation flowchart
and await the participant’s responses.
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Figure 5. Overview of the conversation protocol as followed by the Wizard throughout the study.

Participant Protocol
Researcher A is responsible for obtaining participants’ consent
and collecting their basic demographic and medical history
information, which is then provided to the wizard (researcher
B) for further analysis.

Researcher A also assists participants in launching the web app
on their mobile devices. Once participants enter the chat room,
they can ask questions or respond using the web app interface.

Before participants begin their conversation with the wizard,
researcher A explains the research process, which is divided
into 3 parts: part 1 (goal setting), part 2 (daily monitoring), and
part 3 (goal completion). Each part is explained in detail to the
participant.

In part 1 (goal setting), researcher A highlights the importance
of goal setting, while the wizard (researcher B) follows the

predefined flowchart to assist participants in setting up
medication reminders and emergency contacts.

In part 2, researcher A presents scenarios related to medication
adherence, such as remembering or forgetting to take
medication. Participants respond to these scenarios, and the
wizard (researcher B) provides appropriate replies based on
their answers.

In part 3, the wizard (researcher B) follows the conversation
flowchart to ask participants about their quality of life and
updates the relevant information accordingly.

Conversation Analysis
We developed a coding guideline for analyzing the utterances,
as detailed in Textbox 3.

The researcher tested the coding guideline before providing it
to the clinical researcher, who then used it to analyze the
collected data from the study participants.
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Textbox 3. Coding guideline.

Objectives of coding

• To identify speech act verbs of each utterance

• To identify turn-taking

• To identify which workflow was used to map each utterance

• To annotate the workflow part that has been modified

Instructions

• Follow the sample provided for annotating each individual’s chat logs.

Workflow

Each utterance is mapped to the workflow that was used by the wizard as follows:

• If it is not in the workflow, simply annotate with N/A (not applicable)

• If it is part of the workflow, simply annotate the corresponding workflow reference (eg, “Workflow: Daily Monitoring”)

• If it is part of the workflow but was modified during the study, add the remark “Modified” in the remark column.

Speech act definition and example of annotation

A speech act is an utterance that serves a communicative function. We perform speech acts when we offer an apology, greeting, request, complaint,
invitation, compliment, or refusal. A speech act may consist of a single word, such as “Sorry!” to express an apology, or multiple sentences, such as
“I’m sorry I forgot your birthday. It just slipped my mind.” Speech acts occur in real-life interactions and require not only linguistic knowledge but
also an understanding of appropriate language use within a given cultural context.

Here are some examples of speech acts we use or hear every day:

Greeting: “Hi, Eric. How are things going?”

Request: “Could you pass me the mashed potatoes, please?”

Complaint: “I’ve already been waiting three weeks for the computer, and I was told it would be delivered within a week.”

For the speech act definition, we refer to the work of Vanderveken [79].

Topic

The topic, in essence, is what is being communicated in a sentence. You may use the topics identified by the template. If none of the provided topics
fit the chat you are analyzing, you may define a new topic.

Turn-taking definition and analysis

• Turn-taking occurs in a conversation when one person listens while the other speaks. As the conversation progresses, the roles of listener and
speaker are exchanged back and forth in a cyclical manner.

• Analyzing turn-taking is essential to assess whether both participants are engaged in communication. It can be examined using different units of
measurement, such as adjacency pairs, continuing turns, and intervention turns.

• For our dialogue modeling, we use adjacency pair turn-taking as the unit of analysis. Adjacency pairs consist of 2 utterances produced by different
speakers. To form an adjacency pair, there must be at least two speakers. In adjacency pairs, the first utterance—known as the first pair part—requires
a response, while the second utterance—known as the second pair part—serves as the response to the first.

Here are some examples:

Question and answer

Speaker 1: “Where’s the milk I bought this morning?”

Speaker 2: “On the counter invitation.”

Invitation and Acceptance

Speaker 1: “I’m having some people to dinner on Saturday, and I’d really like you to come.”

Speaker 2: “Sure!”

User Satisfaction Scoring Test
We used Hoffman et al’s [80] evaluation of user trust in AI
systems. Our questionnaire includes Likert-scale questions rated
from 1 to 5, where 1 represents “I disagree strongly” and 5

represents “I agree strongly.” Additionally, we included
open-ended questions to understand the reasons behind the given
ratings. The questionnaire focuses on evaluating our
conversational template design from various aspects (Figure 6),
including human-likeness.
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Figure 6. An excerpt from the usability evaluation survey.

For human-likeness, which encompasses MARIA’s natural
human language use, personality consistency, and expressed
emotions, we define the criteria used for usability scoring.

• Educational strategies: Evaluate MARIA’s effectiveness
in tutoring patients on completing daily medication intake
and providing appropriate knowledge to clarify medication
use and side effects.

• Encouraging strategies: Assess MARIA’s ability to offer
care, support, and positive reinforcement to motivate
patients toward medication adherence.

• Reliability: Reflects patients’ trust in the accuracy of the
information provided by MARIA during interactions.

• General satisfaction: Captures the overall impression of
MARIA’s conversations and their applicability.
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Results

Evaluation of MARIA’s Conversational Design and
Its Implications for Medication Adherence
The evaluation outcomes indicate that our conversational
template design generally met the needs of stakeholders,
including end users, patients, and pharmacists. MARIA’s natural
language interactions, along with its encouragement and
education strategies, are expected to support medication
adherence among patients with HF in the future. However, the
study also highlighted concerns regarding system liability and
raised discussions on the extent to which MARIA should provide
educational content on medication interactions and side effects
in response to patient inquiries.

Evaluation

Coding Analysis
Each logged utterance was transferred into an Excel sheet
(Microsoft Corporation). Independent coders (ie, clinical
researchers) conducted the coding analysis based on the
provided instructions (Multimedia Appendix 2). An example
of the coding analysis is presented in Multimedia Appendix 3.

On average, study participants engaged in 30 interactions with
the wizard, with a turn-taking ratio of 4:1 between the wizard
and participants per topic. This pattern indicates that participants
primarily engaged in question-answer exchanges with the
wizard. The topics and speech acts used in the dialogue aligned
with psychoeducational therapy theory, as evidenced by
annotations of speech acts such as suggestions, support, and
applause. However, having the wizard simulate MARIA
revealed gaps in the workflow, including challenges in
addressing negative responses, the appropriate use of emoticons,
and the system’s feedback mechanism during turn-taking delays.

Regarding topics, patients were most interested in asking about
medication interactions and side effects. However, given
MARIA’s high average turn-taking per study participant,
patients provided feedback suggesting that chat messages should
be more concise—ideally limited to a single sentence. Longer
messages often cause patients to lose track of the topic, requiring
them to re-read the content for clarity.

Usability Scoring
Table 1 presents the evaluation results for the usability scoring
of the MARIA CA design, including demographic data of the
study participants.

The human-likeness of interactions with MARIA received a
median score of 4.75 out of 5. However, MARIA’s personality

scored lower, with a median of 3.8. In terms of natural language
use, patients generally felt that conversing with MARIA
resembled real human communication (question 1). One
participant noted, “I am aware that I’m chatting with an AI.
However, most responses were similar to what I would expect
from a human.”

However, MARIA’s demonstration of personality and emotions
(question 2) received the lowest rating in the evaluation. While
the designed conversations made patients feel friendly and cared
for, one patient noted a lack of distinct character in MARIA as
a health assistant.

Regarding guiding patients to follow the medication routine
(question 3), all fictional patients believed that MARIA’s
tutoring strategy would effectively support future medication
adherence.

Feedback indicated that the educational content provided by
MARIA was clear and easy to understand, with its
knowledge-sharing approach helping patients learn about
medication functions (question 4).

Additionally, in terms of encouragement strategies, fictional
patients confirmed that MARIA’s conversations were highly
encouraging, fostering a sense of support and assisting with
medication adherence (question 5).

“It is a good feeling if you open your phone, and someone (AI)
keeps reminding you about your medication,” one patient
commented, highlighting MARIA’s role in fostering adherence.
Additional feedback reinforced MARIA’s supportive nature,
with remarks such as “MARIA is supportive of me, and I feel
motivated every day” and “MARIA is very perseverant”
(question 6).

Regarding reliability (question 7), 1 patient expressed trust in
MARIA for medication management, while another noted the
need to confirm information with a doctor. Despite this, MARIA
received an average satisfaction score of 4.5 (question 8), with
patients affirming its effectiveness in reminding them to take
their medication on time.

From a patient safety perspective, the wizard, played by the
pharmacist, played a crucial role in defining the extent to which
a CA could communicate on behalf of a health care provider
regarding medication adherence. Initially, the study included a
workflow for educating patients about medication side effects.
However, concerns arose about the implications of automating
responses by retrieving drug side effect information from
web-based sources. Based on these concerns, the decision was
made to remove the workflow for medication side effects to
ensure accuracy and patient safety.
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Table 1. Participants’ demographic data and usability evaluation results.

ValuesDemographic

Sex, n

15Male

5Female

49Age (years), mean

Human-likeness

I think MARIAa can talk like a real person, n

0I disagree strongly

0I disagree somewhat

0I am neutral about it

5I agree somewhat

15I agree strongly

I think MARIA can show her personality and emotion during the conversation, n

2I disagree strongly

2I disagree somewhat

2I am neutral about it

6I agree somewhat

8I agree strongly

Education

I think MARIA can guide me to complete my daily medications in the future, n

0I disagree strongly

0I disagree somewhat

1I am neutral about it

4I agree somewhat

15I agree strongly

I think MARIA can remove my misunderstanding about medication use and side effects, n

0I disagree strongly

0I disagree somewhat

4I am neutral about it

7I agree somewhat

9I agree strongly

Encouragement

I think MARIA can care about me and make me feel not alone in my future medication adherence, n

0I disagree strongly

0I disagree somewhat

2I am neutral about it

8I agree somewhat

10I agree strongly

I think MARIA can provide positive motivation to achieve my future medication adherence, n
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ValuesDemographic

0I disagree strongly

0I disagree somewhat

2I am neutral about it

8I agree somewhat

10I agree strongly

Reliability

I think MARIA can provide trustworthy information for my medication adherence in the future, n

0I disagree strongly

0I disagree somewhat

3I am neutral about it

8I agree somewhat

9I agree strongly

General satisfaction

I think MARIA can provide useful service for my medication adherence in the future, n

0I disagree strongly

0I disagree somewhat

1I am neutral about it

6I agree somewhat

13I agree strongly

Background history

Disease, n

10Ischemic dilated cardiomyopathy

10Nonischemic dilated cardiomyopathy

New York Heart Association, n

16I

4II

Education level, n

1Primary

9Secondary

8Higher level education/tertiary

2Post degree

Occupation, n

4Unemployed or pensioner

4Self-employed

3Housewife

2Engineer

4Administrative

2Teacher

1Designer

Ethnicity, n

2Malay

2Chinese
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ValuesDemographic

16Bumiputra Sabah

aMARIA: Medical Assistance and Rehabilitation Intelligent Agent.

Discussion

Principal Findings
The design thinking method provided an iterative process that
actively engaged end users from the early stages of developing
the MARIA prototype, a rule-based CA.

The involvement of a multidisciplinary group of stakeholders
during the ideation phase facilitated the early conceptualization
of the dialogue workflow, guided by psychoeducational
theory—specifically, Adlerian therapy.

During the testing phase, the WoZ methodology and user
satisfaction scoring were integrated into an observational study
protocol. This approach enabled the collection of simulated
real-world dialogues between patients and the MARIA
prototype, operated by the wizard (pharmacists), allowing for
iterative refinement and validation of the CA’s conversational
design.

The dialogues generated between the wizard (pharmacists) and
the patients were systematically analyzed using coding analysis.
This approach enabled the categorization of utterances into
dialogue workflow components, speech acts, and topics,
facilitating a structured evaluation of MARIA’s conversational
framework.

Speech acts—such as informing and expressing gratitude—were
examined in relation to their associated topics and mapped to
the dialogue workflow. This mapping validated the practical
application of Adlerian theory, demonstrating its effectiveness
in guiding the wizard to motivate patients toward medication
adherence. Furthermore, the user satisfaction scores from
patients confirmed the feasibility of applying Adlerian theory
within the medication adherence dialogue workflow.

Additionally, the analysis identified instances where
patient-initiated utterances—either new topics or
responses—were not covered in the predefined dialogue
workflow. These gaps highlighted areas for further refinement
in MARIA’s conversational design.

Building on this, the coding analysis reinforced the critical role
of the wizard—played by an appropriate expert, in this case,
pharmacists—as a key stakeholder in shaping how MARIA’s
dialogues should be modeled. For instance, it became evident
that advising on medication interactions and side effects cannot
be delegated to the CA, as these responses require human
expertise to ensure patient safety. This insight guided the
identification of various scenarios that must be accounted for
from a patient safety perspective when designing MARIA’s
dialogue framework.

Furthermore, the user satisfaction scoring on human-likeness
and trust highlighted the necessity of ensuring that MARIA’s
dialogues and use of emojis align with professional
communication standards. Patients expressed a greater

willingness to trust MARIA’s advice on medication adherence
when interactions were conducted professionally. This finding
underscores the importance of designing CA interactions that
balance humanlike engagement with a level of professionalism
that fosters trust and credibility.

Improvements
Through further analysis of the WoZ chatting history, we
identified specific areas in MARIA’s designed conversations
that required optimization. These insights guided refinements
to the current template design, ensuring a more effective and
user-centered interaction experience. Based on these findings,
we iterated on the conversational templates and provided the
final version to the MARIA research team for future
implementation.

In specific interactions, the MARIA medical team, drawing
from their practical experience with patients with HF across
various age groups, suggested that formal language use may be
more suitable than casual language.

The use of words such as “cool” in MARIA’s responses may
create a more relaxed conversational style, which could be
effective for younger patients but may not align with the
preferences of older patients. Replacing “cool” with “excellent”
could be more universally accepted across all age groups.

Specific messages should be designed to emphasize patients’
responsibility in self-managing medication adherence. For
example, MARIA should educate patients that they are not
merely completing a task instructed by MARIA but actively
working toward their own health goals. The messaging should
reinforce that patients are empowered to take charge of their
health, while MARIA serves as an assistant, supporting them
in improving their health status.

Educating patients about medication in advance can help
alleviate their concerns. MARIA should provide reference links
to information on medication and HF for patients to review
before following their medication plan. This approach can
enhance patients’ understanding of proper medication use,
improve their awareness of potential side effects, and reduce
the risk of misunderstandings about treatment effectiveness.
Additionally, it may help prevent severe emergencies.

Outcomes
The evaluation outcomes indicate that our conversational
template design generally met stakeholders’ needs. MARIA’s
natural language conversations, along with its encouragement
and education strategies, are expected to support patients with
HF in adhering to their medication. We identified several
modifications that could enhance the applicability of the current
conversational templates.

Limitations
This section discusses the study’s limitations and directions for
future research. In this study, we were constrained by the
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absence of a database containing basic medication knowledge
and patient stories of successful adherence to HF medication at
the prototype stage. Future development should focus on
enriching MARIA’s knowledge database to better support the
designed education and encouragement strategies. The database
should include comprehensive medication information from
reliable sources and feature shared experiences of patients with
HF who have successfully adhered to their treatment.
Additionally, MARIA should be trained to provide tailored
encouragement for patients facing various challenges in
medication adherence. While linking to existing reputable HF
associations worldwide is essential, collecting and curating
real-life encouragement stories at the local level could improve
cultural relevance and applicability. Furthermore, the study’s
participant pool was predominantly male, with limited female
representation. This gender imbalance may affect the
generalizability of the findings, and future research should
ensure a more balanced representation to strengthen the
applicability of the results.

Furthermore, as this is the initial stage of development, our
focus was on covering a broad range of aspects rather than
deeply exploring anthropomorphism. In future development
stages, we plan to conduct a more detailed evaluation of
anthropomorphism to enhance MARIA’s human-like
interactions.

Conclusions
This study demonstrated that applying design thinking processes
provides practical, interactive steps to engage users early in the
design, prototyping, and testing of a CA for supporting patients
in self-managing their medication. Furthermore, using the WoZ
simulation method within an observational study protocol at
the testing stage proved to be a valuable approach for refining
the CA’s interaction model, validating its functionality, and
assessing system reliability, user expectations, and potential
constraints. Results from the WoZ simulation and user
satisfaction scores indicated that MARIA is a feasible and
acceptable medication assistant CA. Additionally, patients
expressed a general willingness to integrate MARIA into their
daily routines to enhance medication adherence at home.
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Abstract

Background: Heart failure is a prevalent and debilitating condition, affecting millions globally and imposing a significant
burden on patients, families, and health care systems. Despite advancements in medical treatments, the gap in effective, continuous,
and personalized supportive care remains glaringly evident. To address this pressing issue, virtual health care services delivered
by interdisciplinary teams represent a promising solution. Understanding the outcomes and experience of remote monitoring–enabled
interdisciplinary chronic disease management programs can inform resource allocation and health care policy decisions.

Objective: The purpose of this study was to evaluate the clinical and behavioral outcomes of patients undertaking a Virtual
Home Health Heart Failure Program (VHHHFP) and explore the experiences of patients and health care practitioners (HCPs).

Methods: The VHHHFP is a virtual postdischarge support service for patients with heart failure that includes an intensive
3-month period followed by a maintenance period delivered by an interdisciplinary team. A mixed methods study was conducted
with patients and HCPs. Self-reported outcome data (KCCQ-12 [Kansas City Cardiomyopathy Questionnaire-12], PHQ-4 [Patient
Health Questionnaire-4], PAM-13 [Patient Activation Measure-13], and PREMs [Patient Reported Experience Measures]) were
obtained from the records of patients (N=49) who completed the intensive phase of the VHHHFP, and interviews were conducted
with patients (n=9) and HCPs (n=6). A paired t test was used to compare quantitative data before and after the 3-month intervention,
and a thematic qualitative analysis was undertaken of interview data.

Results: Thirty-one of the 55 (77.5%) patients completed the baseline and 3-month follow-up KCCQ-12 assessment. The mean
KCCQ-12 summary score at 3 months was 72.20 (SD 20.2), which was significantly higher than the mean summary score at
baseline of 50.51 (SD 17.59; P<.001). These findings were similar for the KCCCQ-12 subscales: physical limitations (mean
47.09, SD 29.7 and mean 69.43, SD 22.6; P<.001), quality of life (mean 43.75, SD 21.7 and mean 62.91, SD 25.7; P<.001),
symptom frequency (median 60.40, IQR 1-100 and median 91.70, IQR 35.40; P<.001), and social limitation (median 50.0, IQR
1-100 and median 82.50, IQR 32.50; P<.001). The PHQ-4 measure of psychological health was completed by 32 (80%) patients.
The median scores at baseline and follow-up for total distress (median 1.50, IQR 0-7 and median 0.0, IQR 0-8; P<.02), and the
anxiety subscale (median 1.0, IQR 0-6 and median 0.0, IQR 0-4; P<.02) reduced over time. Six hospital admissions were recorded
(10.2% of 49 patients) within 30 days. Nine patient interviews aligned with the value-based health care (VBHC) Capability,
Comfort, and Calm (CCC) framework. Three themes were identified, which are as follows: (1) enhanced patient capability, (2)
improved patient comfort, and (3) positive influences on calm. Six health care professionals shared experiences of the VHHHFP,
with three emerging themes: (1) improved patient capability through shared decision-making, (2) improving capability through
care practices, and (3) promoting comfort and calm through virtual coordination and collaboration.

Conclusions: The use of technologies to support the management of HF is an area of growth. This study contributes to the
understanding of how remote patient monitoring with interdisciplinary chronic disease support, integrated into an existing system,
can improve clinical outcomes for patients.

(JMIR Cardio 2025;9:e64877)   doi:10.2196/64877
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Introduction

Heart failure (HF) has been acknowledged as one of the Western
world’s most significant public health issues [1]. This chronic
condition results in reduced quality of life, creating a burden
for health care systems in terms of resource use and financial
cost [2-4]. Globally, HF is described as an epidemic, affecting
more than 64 million people worldwide [5], and a diagnosis of
HF is associated with high rates of morbidity and mortality,
particularly in low- and middle-income countries [6]. The
percentage of the population diagnosed with HF around the
world varies among populations [7], but globally is estimated
to be between 1% and 3% of the total population [8]. In
Australia, it is estimated that 1%‐2% of the population are
diagnosed with HF, compared to a prevalence of 2.4%‐3% in
the United States [2] and between 1.3% and 6.7% in Asia [3].
In 2017‐2018, an estimated 102,000 (0.5%) people
self-reported living with HF within Australia, with around
179,000 hospitalizations in 2020‐2021 attributed to HF or
cardiomyopathy as the primary diagnosis [9]. The prevalence
of HF is predicted to increase due to the aging population,
improved treatment of acute cardiac events, and availability of
evidence-based therapies for those with HF [2]. It is estimated
that by 2023, cases of HF in Australia will increase to 750,000
[10]. The majority of health care costs for people with HF are
associated with an increasing rate of hospitalizations due to
poor self-care, nonadherence to treatment, or inability to access
medications [4]. Research suggests that most patients (80%)
living with HF are reliant on their general practitioner (GP) for
ongoing management and support [11].

A growing body of evidence supports the use of digital health
technology in improving patient outcomes [12-14], with
telemonitoring [15] and digital health becoming central to health
care [16]. Virtual health care has become an indispensable
component of contemporary care delivery, which enables those
with chronic conditions to stay connected to online supportive
environments and clinicians to establish two-way
communication and noninvasive monitoring for patients in
remote locations [17]. The COVID-19 pandemic expedited the
adoption of telehealth globally. However, the evaluation of
telehealth outcomes has not necessarily matched the pace of its
uptake [18]. In response, there has been an increase in the
exploration of remote and virtual patient monitoring and care
models to manage and improve the outcomes of patients with
HF [12]. However, the use of virtual HF programs remains in
its infancy in Australia. A recent systematic review identified
that telemonitoring, remote patient management, and patient
self-empowerment as an integrated approach performed best in
terms of readmission rates and overall hospital visits [17], with
further research into this approach needed [19]. This study aimed
to evaluate the clinical and behavioral outcomes of patients
undertaking a Virtual Home Health Heart Failure Program
(VHHHFP) and to explore the experiences of patients and health
care practitioners (HCPs) who participated in the program.

Methods

Research Design and Study Population
A mixed methods study was conducted in collaboration with
patients and HCPs. Self-reported outcome data (KCCQ-12
[Kansas City Cardiomyopathy Questionnaire-12], PHQ-4
[Patient Health Questionnaire-4], PAM-13 [Patient Activation
Measure-13], and PREMs [Patient Reported Experience
Measures]) were obtained from the records of 55 patients who
completed the intensive phase (0‐3 months) of the VHHHFP.
Interviews were conducted with 9 patients and 6 HCPs. A mixed
methods approach was selected as it provides the opportunity
to integrate quantitative findings in the analysis of the qualitative
data [20]. This is particularly important in the evaluation of a
chronic disease management program, where there is a need to
understand from a patient’s perspective how programs impact
or fail to impact health outcomes observed from a purely
quantitative approach. This study method provides a richer level
of understanding of content, processes, and policies within
programs [21]. The study is reported in accordance with the
mixed methods reporting guidelines by Lee et al [22]. The study
population comprised patients participating in the intensive
phase of the program, the clinicians delivering the program,
and other clinicians external to the program but involved in the
care of the patients.

The VHHHFP
The VHHHFP is a virtually delivered postdischarge support
service for patients with HF. The program aims to (1) improve
HF symptoms, quality of life, and physical and social
limitations, (2) improve HF self-management skills and
capabilities, (3) improve patient understanding of medications
and therapy adherence, (4) reduce signs and symptoms of
anxiety and depression associated with HF, and (5) reduce
preventable hospital admissions through collaborative care
practices.

Suitable patients who meet the inclusion criteria (Textbox 1)
can be referred to the program by a member of their inpatient
care team during a hospital admission. Services are delivered
via telehealth by a clinical nurse specialist (CNS), a clinical
nurse or registered nurse, a dietitian, and a physiotherapist.
Interventions provided include care coordination, remote patient
monitoring of vital signs and symptoms, nurse-led medication
titration (as directed by the patient’s cardiologist or GP),
education, virtually delivered exercise (when clinically
appropriate), and support for nutrition and weight management.
The necessary equipment is provided to patients at no cost. The
program operates during business hours, with an HF action plan
provided to patients for out-of-hours concerns. The program
integrates with primary and specialist care teams, with medical
governance either provided by the patient’s existing cardiologist
or GP, as per the specialist’s preference. The program’s intensive
phase is delivered over a period of 3 months and includes an
initial visit by one of the VHHHFP clinical nurses, who
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described the program to the patient and obtained consent to
participate in the program. Initial screening surveys were
completed, and the patient received a comprehensive description
of the home monitoring equipment. Upon discharge, the patient
received intensive care coordination by an interdisciplinary
team with remote monitoring, medication titration, and self-care
management support. More details of these individual
components are represented in Figure 1. Following this, the
patient enters a 3‐12-month maintenance phase based on the
patient’s needs to embed long-term self-management behaviors.
The maintenance phase of the program was not included in this
study. Upon completion, the patient is discharged to their
primary care clinician with an ongoing plan of care for their

HF. At this point, the patient does not have further access to the
VHHHFP.

Several validated self-reporting assessment tools were used to
monitor the patient’s progress while on the program. The
measures were selected to be consistent with the health outcome
measures for patients with HF recommended by the International
Consortium for Health Outcomes [23]. Self-reported outcomes
included the KCCQ-12 [24], the PHQ-4 for anxiety and
depression [25], and the PAM-13 [26] for assessing engagement
with health care and self-management, and a PREM survey.
The PREM survey was adapted and modified from the
Australian Hospital Patient Experience Question Set [27] to suit
the context of the VHHHFP.

Textbox 1. Virtual Home Health Heart Failure Program inclusion and exclusion criteria.

Patient inclusion criteria

• New or existing diagnosis of heart failure (heart failure with reduced ejection fraction (HFrEF) or heart failure with preserved ejection fraction
(HFpEF).

• New York Heart Association (NYHA) functional class I, II, or III.

• Patient referral to the Virtual Home Health Heart Failure Program (VHHHFP) from a clinician at one of the three hospital sites.

Exclusion criteria

• Discharged to a residential aged care facility.

• NYHA functional class IV.

• Hemodynamic instability.

• Recurrent arrhythmias or unstable angina requiring investigation.

• Deteriorating renal function, defined as estimated glomerular filtration rate (eGFR) <30 mL/min.

• Continuous oxygen requirement at rest.

• Existing cognitive impairment.
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Figure 1. The patient journey through the Virtual Home Health Heart Failure Program (a 3-months intensive phase followed by a maintenance period).
GP: general practitioner.
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Recruitment and Consent

Patient Participants
Patients provided consent for their quantitative data to be
collected for evaluation on commencement of the program.
Patients enrolled in the intensive phase of the VHHHFP were
sent an email by the HF CNS, informing them about the study
and the process to participate in an interview. Patients who were
interested in participating in the semistructured interview
contacted the study research assistant via email and were given
the opportunity to ask any questions they had. Written informed
consent was obtained before the commencement of the
interviews.

Health Care Practitioner Participants
HCPs (including HF CNSs, physiotherapists, GPs, and
cardiologists) were eligible to participate if they had delivered
care to the patients within the 3-month intensive phase of the
program. Health care participants involved in the care of the
recruited patient participants were sent an email to inform them
about the study, and who then contacted the research team
directly. HCP participants provided written consent before the
commencement of interviews.

Setting
Three hospital sites across Australia, which varied in size from
250 to 900 beds.

Data Collection
Data were collected via surveys and individual semistructured
interviews. The quantitative data were collected as part of the
VHHHFP, and the qualitative data were collected to explore
patients’ and stakeholders’ perspectives of the program.

Quantitative Data Collection
Quantitative data included baseline demographic information
and patient self-reported outcome data via the home digital
platform as part of the VHHHFP. Baseline patient demographic
and clinical characteristics collected included age, identified
gender, HF subtype (heart failure with reduced ejection fraction
or heart failure with preserved ejection fraction), NYHA
Functional Class, and the Length of stay, Acuity on admission,
Comorbidity, and Emergency room usage (LACE) index as a
measure of patients’ risk of 30-day readmission [28]. This
information was extracted by a program administrator and
provided to the research team. Patients completed the
self-reported outcomes directly on the home digital platform at
various times during the intensive phase. Pretest data (baseline)
and posttest data (3 months after enrollment) were collected.
Patients were followed up at key time points, including
enrollment (baseline) and at 12 weeks, to measure health status
(KCCQ-12), PREMs, anxiety and depression (PHQ-4), and
engagement with health care and self-management (PAM-13).
Data submitted up to 14 days before or post the expected
completion date (70‐98 d) of the 12-week program were
included for analysis. A secure messaging platform was used
to transfer patient data to the research team. Data did not contain
identifiable patient data and were grouped via an ID number
for analysis on a per-patient basis. For those participants who

took part in the qualitative phase of the study, IDs were linkable
via a separately stored key that provided patient contact details.

Qualitative Data Collection
Individual interviews were conducted to obtain information
about the patient and clinician perspectives of the program. The
value-based health care (VBHC) Capability, Comfort, and Calm
(CCC) framework [29] guided the development of the patient
and HCP interview questions (Multimedia Appendix 1). Patients
were given a choice to complete interviews in person or
virtually. The interviews were audio-recorded and later
transcribed by a member of the research team. Patients were
given the option to be interviewed individually or with a family
member, and permission was sought to audio record the
interview. One-to-one individual interviews with health care
providers were undertaken by a member of the research team
who did not have a professional relationship with the
participants. Health care provider participants responded to 8
open-ended questions (Multimedia Appendix 1). Interviews
were audio-recorded and were up to an hour in duration.

Quantitative Analysis
All data were exported from Microsoft CSV files to SPSS
(version 28.0.1; IBM Corp) for analysis. Frequency counts were
used to describe data pertaining to patient demographics and
clinical status, program experience, and hospital readmissions.
The normality of the data on patients’ physical and
psychological health status and health care behaviors at each
time point was assessed graphically and numerically using the
Shapiro-Wilk Test for small sample sizes. For data that was
normally distributed, the mean and SD were used as measures
of central tendency and dispersion, and dependent-samples t
tests were used to test for changes over time (Time 1 and Time
2) in patient-reported outcomes. For data that were nonnormally
distributed, the median and IQR, and the Wilcoxon signed-rank
test for dependent samples were used. Frequency counts were
also provided for patient demographic and clinical status data.
Patient datasets that had missing pre- or postsurvey data were
excluded from the analysis. Patients who died during the study
were excluded as required by the organization’s ethics
committee.

Qualitative Analysis
Thematic analysis was then undertaken using Braun and
Clarke’s six-step approach (familiarization with the data,
generating codes, constructing themes, revising and defining
themes, and producing the report) [30] to identify patterns of
meaning to understand the patient and HCPs’ experiences of
the VHHHFP. The audio recordings were transcribed verbatim
and verified against the recording, and the transcripts were read
several times before initial coding by one researcher (HM) and
then independently by two researchers (RS and NM). Following
initial coding, the researchers discussed the coding and reached
consensus on categories. Data were organized and managed
using Microsoft Excel. Research team discussions then informed
the development of themes and subthemes using the VBHC
framework [31], comprising the concepts of CCC.

To ensure qualitative rigor and trustworthiness, data were
collected until data saturation was achieved, which was based

JMIR Cardio 2025 | vol. 9 | e64877 | p.111https://cardio.jmir.org/2025/1/e64877
(page number not for citation purposes)

McKay et alJMIR CARDIO

XSL•FO
RenderX

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


on the appraisal of the data collected and the rich dialogue that
related to the study aim. Member checking was not possible
due to the single participant interaction. Discussion and
interpretations of the data ensured credibility. The presentation
of the findings will guide other researchers in the transferability
of the findings. The researchers maintained a clear record of
the reflexive analysis process, supporting the confirmability of
the findings.

Ethical Considerations
The research study was conducted following the Australian
National Statement on Ethical Conduct of Human Research
(2023), developed by the National Health and Medical Research
Council, the Australian Research Council, and Universities
Australia. Permission to conduct the study was sought and
approved by an Australian institutional review board, the
Ramsay Health Care Human Research Ethics Committee
(approval no 2022/PID/2031), and the Edith Cowan University
Human Research Ethics Committee (approval no
2022-‐03864). Research procedures were followed under the
ethical standards of the approving national Human Research
Ethics Committees and with the WMA Declaration of Helsinki.
Patients provided informed consent for their quantitative data
to be collected for evaluation at the commencement of the
program. Patients enrolled in the intensive phase of the
VHHHFP were invited to participate in an interview via an
email from the HF CNS, which informed them about the study
and the process to participate in an interview. Patients and staff
interested in participating in the qualitative component of the
study were required to contact the study research assistant via
email. All participants were provided with a participant
information form, which provided detailed information about

the study and what their involvement comprised. Potential
participants were also informed they would receive a US $35
gift voucher as acknowledgment of their semistructured
interview participation. Written informed consent was obtained
before the commencement of all interviews. Participants were
informed that their participation was voluntary and that they
were free to withdraw from the study at any time; however,
following data analysis, their data could not be removed. No
personal identifying information was collected.

Results

Baseline Characteristics
From June 1, 2022, to November 30, 2022, a total of 55 patients
were enrolled into the VHHHFP across 3 Australian hospital
sites. Data for 5 patients were not reported in line with the
ethical approval granted: 3 patients died during the intensive
phase of the program, and 2 died during the data collection
period following completion of the intensive phase of the
program. In addition, 1 patient who enrolled but did not
complete any questionnaire or biometric information was
excluded. The demographic and clinical characteristics of the
remaining 49 patients who enrolled and engaged with the
program are presented in Table 1. Of these 49 patients, 7
withdrew and did not complete the program: 3 patients due to
hospital admission, and 2 patients failed to complete the
intensive phase of the program within the nominated time (98
days from enrollment data). Data for these 7 patients related to
changes in physical and psychological health and health care
behavior, as well as their experiences with the program, were
subsequently excluded from the analysis.
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Table . Demographic and clinical characteristics of patients enrolled and engaged in the Virtual Home Health Heart Failure Program.

Patient, n (%)Variable

Sex (N=49)

31 (63)    Male

18 (37)    Female

Age (years; N=49)

3 (6)    41‐50

4 (8)    51‐60

17 (35)    61‐70

17 (35)    71‐80

8 (16)    81‐90

NHYAa classification (N=42)

0 (0)    I

34 (81)    II

7 (17)    III

1b (2)    IV

Ejection fraction (%; N=47)

38 (81)    40 and below

3 (6)    41‐49

6 (13)    50‐70

LACEc score (N=34)

2 (6)    0‐4

13 (38)    5‐9

19 (56)    10 and above

aNHYA: New York Heart Association.
bAlthough patients’ initial evaluation was NYHA classification IV, this patient was included due to cardiologist recommendations.
cLACE: Length of stay, Acuity of admission, Comorbidity, and Emergency room usage.

Patients’ Physical and Psychological Health Status and
Health Care Behaviors
Descriptive statistics for measures of physical and psychological
health status and health care behaviors taken at the
commencement of the program (baseline: within 0‐14 d of
enrollment) and after the intensive phase (follow-up: within
70‐98 d of enrollment) are presented in Table 2. Thirty-one
(77.5%) of the 40 patients with HF completed a first and

follow-up KCCQ-12 assessment within the intensive phase of
the VHHHFP. The mean summary score at follow-up was found
to be significantly higher than the mean summary score at
baseline. Consistent with this, the mean baseline and follow-up
scores for the KCCCQ-12 subscale measures of physical
limitations and quality of life were found to have significantly
increased over time, as did the median subscale scores at
baseline and follow-up for symptom frequency and social
limitation.
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Table . Descriptive statistics for patients’ physical and psychological health status and health care behaviors at baseline and follow-up.

P valueStatistic t (df) or z scoreFollow-up periodBaseline periodMeasure

KCCQ-12a, N=31

<.001t=–5.91 (30)72.20 (SD 20.28)50.51 (SD 17.59)Summary score

<.001t=–4.02 (30)69.43 (SD 22.62)47.09 (SD 29.77)Physical limitation

<.001z=–4.4391.70 (IQR 35.40)60.40 (IQR 1-100)Symptom frequency

<.001z=–4.8882.50 (IQR 32.50)50.0 (IQR 1-100)Social limitation

<.001t=–3.94 (29)62.91 (SD 25.73)43.75 (SD 21.71)Quality of life

PHQ-4b, N=32

<.02z=–2.420.0 (IQR 0-8)1.50 (IQR 0-7)Total distress

<.02z=–2.530.0 (IQR 0-4)1.0 (IQR 0-6)Anxiety

=.16z=–1.390.0 (IQR 0-4)0.0 (IQR 0-4)Depression

<.001t=–4.81 (27)68.26 (SD 12.38)57.40 (SD 8.53)PAM-13c, N=28

aKCCQ-12: Kansas City Cardiomyopathy Questionnaire.
bPHQ-4: Patient Health Questionnaire-4.
cPAM-13: Patient Activation Measure-13.

The PHQ-4 measure of psychological health was completed by
32 (80%) of program patients within the intensive phase of the
VHHHFP. The median scores at baseline and follow-up for
total distress (1.50, IQR 0-7 and 0.0, IQR 0-8; z=–2.42; P<.02),
and the anxiety subscale (1.0, IQR 0-6 and 0.0, IQR 0-4;
z=–2.53; P<.02) significantly reduced over time, while no
statistically significant change over time was found in the
median subscale score for depression (0.0, IQR 0-4 and 0.0,
IQR 0-4; z=−1.39; P=.16). A total of 28 (70%) program patients
completed the PAM-13. Analysis of the mean baseline (57.40
SD 8.53) and follow-up (68.26, SD 12.38) scores for the
PAM-13 showed a statistically significant increase in patients’
self-reported knowledge, beliefs, confidence, and skills about
managing their HF throughout the intensive phase of the
VHHHFP (t27=−4.81; P<.001).

Patient Reported Experience Measures
Of the 34 (85%) patients who responded to the PREMs
questionnaire, all (100%) responded “always” or “mostly” to
questions about their treatment and care (Table 3). Most patients
(94%) responded that their views and concerns were always
listened to. Twenty-six (76%) patients responded that they
always knew how to recognize HF or heart attack symptoms
and what to do next. Seven (21%) patients responded that they
mostly knew how to recognize HF, and one responded that they
only sometimes knew how to recognize HF symptoms. In
relation to the patients’ experience of the technology of the
VHHHFP, most patients were satisfied to varying degrees.
Similarly, most patients (n=33, 97%) were satisfied to very
satisfied that they had the knowledge required to use the
technology.
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Table . Frequency of patient-reported experience measures responses.

Total,

n (%)

Response 5,

n (%)

Response 4,

n (%)

Response 3,

n (%)

Response 2,

n (%)

Response 1,

n (%)

Scale and experi-
ence item

Response: 1=always, 2=mostly, 3=sometimes, 4=rarely, and 5=never

34 (100)1 (3)0 (0)1(3)0 (0)32 (94)    My views and
concerns were lis-
tened to.

34 (100)0 (0)0 (0)4(12)0 (0)30 (88)    My individual
needs were met.

34 (100)0 (0)0 (0)0 (0)3 (9)31 (91)    I felt cared for.

34 (100)0 (0)0 (0)0 (0)4 (12)30 (88)    I was involved as
much as I wanted
in making decisions
about my treatment
and care.

34 (100)0 (0)0 (0)0 (0)1 (3)33 (97)    I was kept in-
formed as much as
I wanted about my
treatment and care.

34 (100)0 (0)0 (0)0 (0)3 (9)31 (91)    The staff in-
volved in my care
communicated with
each other about
my treatment.

34 (100)0 (0)0 (0)1 (3)7 (21)26 (76)    I knew how to
recognize heart
failure or heart at-
tack symptoms, and
what to do next if I
experienced symp-
toms.

34 (100)0 (0)0 (0)0 (0)4 (12)30 (88)    I felt confident in
the safety of my
treatment and care.

Response: 1=very satisfied, 2=satisfied, 3=neither, 4=dissatisfied, and 5=very dissatisfied

34 (100)0 (0)0 (0)2 (6)10 (30)22 (65)    How satisfied are
you that the technol-
ogy operated as ex-
pected? (ie, tablet,
app, biometric de-
vices, and video
calls)

34 (100)0 (0)0 (0)1 (3)7 (21)26 (76)    How satisfied are
you that you have
the knowledge to
use the technology?
(ie, tablet, app, bio-
metric devices, and
video calls)

Readmission to Hospital
The analysis of the patients’ admission to hospital during the
intensive phase of the VHHHFP was undertaken on the 40
patients who completed the intensive phase of the VHHHFP
within 70‐98 days and those patients who withdrew from the
program (n=7) or failed to complete the intensive phase of the
program within 70‐98 days (n=2). A total of 6 hospital
admissions were recorded for 5 patient participants (10.2% of
49 program participants) within 30 days of the patients’

commencement of the VHHHFP (based on the patient’s
recorded start or enrollment date). One patient was admitted
twice in 3 days within the 30 days. The earliest admission within
the 30 days occurred at 7.8 days, the latest at 27.9 days.

A further 8 hospital admissions for 7 patients (14.2% of
participants) were recorded between days 31 and 98 of the
patients’ commencement of the VHHHFP (Table 4). None of
these patients had previously recorded an admission within 30
days. One patient was admitted twice in 3 days within the 31‐
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to 98-day period. The earliest admission during this period
occurred at 36.7 days, the latest at 89.9 days. In total, 14 separate
hospital admissions were recorded during the intensive phase
of the VHHHFP across 12 patients (24.5% of program

participants). However, the data provided were not complete
and consistent for all hospital admissions to determine the reason
or cause for the admission (ie, all-cause, HR-related, or
otherwise) for the 14 hospital admissions.

Table . Frequency of all causes and 30-day readmissions to the hospital during the intensive phase of the Virtual Home Health Heart Failure Program.

Readmitted within 30 days of commencing the

VHHHFPa, n (%)

Number of patients, n (%)Frequency of hospital admissions

44 (89.8)37 (75.5)No admissions

4 (8.2)10 (20.4)1

1 (2.0)2 (4.1)2

aVHHHFP: Virtual Home Health Heart Failure Program.

Semistructured Interviews
A total of 9 patients participated in the interviews, 4 females
and 5 males, ranging in age from 53 to 82 years. The VHHHFP
was described by patients as a virtual resource that facilitated
clinician interaction and care and was a platform for sharing
clinical patient self-measures and communication. Three themes
were identified from the analysis that described the patient
experiences of the VHHHFP following completion of the
12-week intensive phase of the VHHHFP (Table S1 in
Multimedia Appendix 2). The first theme described how the
VHHHFP enhanced patient capability for self-management of
HF. Patients described recognizing the need to engage in
individualized self-care, and the program enhanced their ability
and empowerment to confidently manage their HF. The second
theme, improved patient comfort, was an outcome of
engagement with the program, where patients described the
VHHHFP as allaying patient fear and uncertainty regarding
their HF condition, and the information and education (provided
from the program) contributed to patient comfort and support
from family. The third theme described positive influences on
calm and how calm improved through coordinated care and a
supportive environment. The virtual program contributed to this
supportive environment.

A total of 6 health care professionals (4 nurses, 1 cardiologist,
and 1 dietitian) shared their experiences and perceptions of the
VHHHFP. For the study, the term “staff” will be used; however,
in the VHHHFP, staff were either used directly by the
organization delivering the service or as external providers.
Through individual interviews, the experiences and perceptions
of HCPs involved in the VHHHFP were explored (Table S2 in
Multimedia Appendix 1). The first theme identified was health
care professionals’ improving patient capability through a shared
understanding of health needs. This theme included creating a
supportive environment of care, the importance of guidelines
for shared care, and health care professionals getting satisfaction
from supporting patients in a virtual model of care. The second
theme, improving capability through care practices,
encompassed staff perception of making a difference to patient
self-care as an outcome of the VHHHFP. This was described
as achieved through the provision of care to maximize outcomes
and patient capability and empowering patients in self-care
practices. The third theme, promoting comfort and calm through
virtual coordinated and collaborative care approach, described

how staff identified that the VHHHFP contributed to patient
comfort and calm. Recognition of the multidisciplinary model
of care and that the virtual program enables partnership with
the care team and patients was identified as critical components
to the success of the program. Some participants also
acknowledged that access to GPs or cardiologists presented a
challenge sometimes. Table S2 in Multimedia Appendix 2
provides exemplars for the themes and subthemes.

Discussion

Principal Findings
This study contributes to the knowledge base on the impact of
a virtual health approach from both a patient and clinician
perspective and on how virtual health solutions can be integrated
into existing care. A statistically significant improvement in
physical health and well-being on completion of the intensive
phase was noted as measured by the KCCQ-12. Drawing on
previous research as a reference point [24], a 5-point threshold
for meaningful clinical change has been proposed as equivalent
to a ~10% relative reduction in the risk of adverse clinical
events. Using this interpretation, a mean improvement of 21.7
in KCCCQ-12 patient summary scores from commencement
to completion of the intensive phase of the VHHHFP could be
considered to represent a 40% relative reduction in the risk of
adverse clinical events pre- and post-intensive phase of the
VHHHFP [24]. This highlights the beneficial effect of the
program on patients’ physical health and well-being. The
positive impact of postdischarge interventions on KCCQ-12
scores and, therefore, the well-being of patients with HF has
also been demonstrated elsewhere. An intervention study by
Stubblefield et al [31] comprising self-care activities, home
visits, and telephone calls to coach participants in the aspects
of HF self-management demonstrated a 5.4-point increase in
KCCCQ-12 scores in the intervention group compared to the
usual structured care group. The ongoing connection with
clinicians following discharge from the hospital appears to
contribute to the well-being of patients with HF. The quantitative
findings reflect the qualitative themes of patients feeling
“empowered to manage self-care activities,” that “information
and education contributed to patient comfort,” and that the
“virtual program provided a supportive environment.”
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Comparison to Prior Work
Anxiety and depression are known to be significant issues in
patients with HF [30], impacting many areas of a patient’s life,
including adherence to treatment plans. Anxiety and depression
are also associated with reduced quality of life [32], reduced
exercise capacity [33], and increased hospitalizations and
mortality [34]. In this study, there was a statistically significant
reduction in self-reported levels of anxiety and improvement
in self-reported symptoms on the distress scale during the
program, highlighting the importance of routinely monitoring
mood in patients with HF. Enabling patients to self-report
symptoms of anxiety and depression safely provides the
opportunity for early recognition and management, which in
turn may improve the management of HF and improve patient
outcomes. This was reinforced in the qualitative data of this
study, where patients reported feeling reassured when they had
a clinician to contact if and when they had an exacerbation of
their symptoms. Studies of patients with cardiac conditions have
traditionally measured easily accessible outcomes such as
hospitalizations and mortality. A strength of this study is the
focus on patient-reported outcomes, which provides clinicians
and researchers with an accurate report of health status directly
from the patient, leading to the capture of meaningful data on
the patient experience [35].

Enhanced patient capability is an important outcome for the
program given the centrality of self-management in HF. This
was highlighted in the qualitative results relating to patient
experiences after engaging with the VHHHFP. The availability
of staff to ask questions and allay concerns was described by
patients as important and also contributing to their comfort,
providing reassurance that someone was monitoring their
measurements. This highlights the value of the availability of
support beyond scheduled consultations. The CCC framework
highlights the component of calm, which, from a patient’s
perspective, reiterates the important benefits of having services
designed around them rather than around the HCP, reducing
the stress of accessing care and minimizing disruption to their
lives. These qualitative findings could potentially be linked to
the positive change in the PHQ-4 total distress score, which
was statistically significant. Virtual programs such as the
VHHHFP promote outcomes related to calm for postacute
support services. The impact and importance of care integration
have been evidenced in other studies and populations where
continuity and availability of health care providers were
recommended [36]. The findings from this study highlighted
the need to ensure all HCPs involved in the patient’s care were
familiar with the program’s services to ensure smooth
communication processes. The impact of communication
processes on calm has also been reported in other populations.
In a study with people diagnosed with bipolar disorder,
participants reported that their sense of calm was enhanced by
increased engagement time and improved communication with
health care providers [37], and in young adults diagnosed with
cancer [38].

The qualitative data support a clinically significant improvement
in self-reported knowledge, beliefs, confidence, and skills about
managing HF throughout the intensive phase of the VHHHFP.
Similar effects were reported in a study of patients with atrial

fibrillation undertaking a virtual program during the COVID-19
pandemic. Improvements in self-monitoring abilities and
self-management behaviors, and statistically significant
reductions in anxiety and depression were also findings from
this study [39]. Patients with HF are particularly vulnerable in
the immediate post hospital discharge period while transitioning
to their home environments.

The up-titration of guideline-directed medications is a
cornerstone in patients with HF, particularly in the context of
reduced ejection fraction [40], and is an essential strategy to fill
the gap in care during the early discharge period [41].
Evidence-based clinical guidelines recommend that each
medication be titrated as tolerated to the target dose, which was
supported by landmark clinical trials to achieve maximum
benefits [42]. Medication up-titration had limited uptake in this
study despite processes for this being in place, including the
availability of medication up-titration request forms. The
qualitative data did not directly identify why the opportunity
for up-titration was not readily taken up, but this could be related
to the references to challenges in accessing GPs or cardiologists,
where any changes to a titration plan required a GP or specialist
oversight. The qualitative data indicate that nursing staff
reported the need to titrate medications but did not have the
protocol or scope to do so without contacting the patients’ GP
or specialist. In a study exploring the barriers to up-titration of
beta-blockers in patients with HF in the community, barriers
identified included physicians’ concerns about medication side
effects and polypharmacy, existing health care system barriers,
comorbidities, patient communication, and physicians’
knowledge and experience [43]. The lack of uptake and potential
missed opportunity to improve patient outcomes is an area for
further exploration. An extended scope of practice for nurses
to up-titrate and initiate guideline-directed medications could
be an option for future iterations of the VHHHFP [44].

Data on hospital admissions were not collected from the time
of discharge from the hospital, but from the time of enrollment
into the program, which is a limitation of this study. However,
the rate of hospital admissions within 30 days of enrollment
into the VHHHFP was 10.2%, which does compare favorably
to 30-day all-cause readmission rates in a previous study, which
demonstrated 20% [45]. While a direct comparison cannot be
made due to potential delays from discharge from the hospital
to onboarding to the program, the results are still promising in
that readmission was well below 20%. The finding is also in
line with previous research that demonstrated a reduction in
readmission rates in similar, virtually delivered, remote
monitoring programs for patients with HF [14].

Strengths and Limitations
A strength of this study was the exploration of self-reported
patient outcomes and patient and clinical staff perceptions of
the VHHHFP. The exploratory qualitative process evaluation
provided valuable insights into the acceptability and usability
of the intervention from the perspectives of the participants.
The qualitative data allowed a deeper understanding of how
participants responded to the program and the contextual factors
that influenced the study outcomes. Trials in the study of patients
with cardiac care routinely report outcomes such as
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hospitalizations and mortality. However, a significant strength
of this study was the focus on patient-reported outcomes, an
approach that could be more widely adopted in virtual health
programs and beyond.

It is important to acknowledge the limitations that may affect
the validity and generalizability of the research findings. First,
the service was set up as a pilot to assess feasibility, and as such,
the sample size was not powered to detect change with a level
of statistical certainty. Second, the evaluation commenced after
the commencement of the service, and as such, it was not
possible to create a control group, minimizing the opportunity
to assess selection or detection bias. The variation in the time
taken to complete the intensive phase and the submission of
data associated with key time points made comparisons between
participants in the current evaluation challenging. To include
as many participants as possible in the study, the parameters
relating to the time taken to complete the intensive phase and
the submission of data associated with a given time point were
extended. Third, the number of patient participants who agreed
to be interviewed postcompletion of the 12-week intensive
program was low, and there may have been a self-selection bias
among patients who chose to participate in the qualitative
component of this evaluation. In addition, direct comparisons
with data on readmission rates could not be made where the
date of discharge from the hospital (the admission that led to
the initial referral to the program) was not collected.

Future Directions
The growth in virtual health programs, such as VHHHFP, has
demonstrated a range of benefits to patients regarding improved
access to advice and guidance on their medical condition without
the need to visit health care facilities. This approach has led to
the reallocation of much-needed health care resource provision
[46], especially within the high-resource area of HF
management. The virtual nature of the intervention creates the

opportunity to scale within and across health care services.
However, this service sits in what can be termed the “missing
middle” of health care, with the service spanning a gap between
care provided in the acute care and community settings. One of
the key barriers to further implementation in the Australian
context relates to funding mechanisms. Ongoing support for
services that do not meet existing health care funding
mechanisms can be uncertain, limiting their increased uptake
and opportunity for further translation of benefits to a broader
section of the community. Further research into enhancing the
adoption of such models is needed. The use of technologies to
support the management of HF is growing internationally.
Understanding how virtual health care that uses remote patient
monitoring can be integrated into existing systems and models
of care is a challenge that requires multilevel collaboration. The
findings of this study support the need to develop and adopt
virtual health care solutions for chronic disease management,
including and beyond HF.

Conclusion
The evaluation of the VHHHFP demonstrates improvements
in both clinical and behavioral outcomes, directly addressing
our primary study aim. Patients completing the program showed
statistically significant improvements in all KCCQ-12 domains,
including physical limitations, quality of life, symptom
frequency, and social limitations. Psychological health measures
similarly improved with reductions in total distress and anxiety
scores. Our second aim, exploring participant experiences,
revealed enhanced capability, improved comfort, and positive
influences on calm according to the VBHC framework. Clinician
experiences identified benefits in patient capability through
shared decision-making and care practices, while also noting
virtual coordination promoted patient comfort and calm. This
evaluation, using both quantitative and qualitative methods,
provides evidence for the effectiveness of the VHHHFP model
in HF management.
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Abstract

Background: Remote monitoring (RM) of cardiac implantable electronic devices (CIEDs) has demonstrated many patient and
health care system benefits. Consequently, the use of RM technology for patients with CIEDs is the standard of care as highlighted
by international guidelines. However, RM has not yet been integrated into universal, routine clinical practice.

Objective: We aimed to establish key stakeholder perspectives on the barriers and enablers of CIED RM implementation and
to apply the theoretical domain framework to highlight the most effective approaches to facilitate routine adoption of CIED RM.

Methods: This was a qualitative study, using semistructured interviews to explore the barriers and enablers encountered when
incorporating RM into CIED management. Participants included cardiologists, cardiac clinicians or physiologists, nurses, and
patients. Interviews were transcribed verbatim and analyzed through inductive thematic analysis and deductive approaches using
the NVivo (version 14; QRS International Pty Ltd) software. The theoretical domains framework was used to understand barriers
and enablers. In the inductive phase, we did not assess trustworthiness, as our thematic analysis approach views data as
interpretations rather than objective truths. In the deductive phase, we conferred to ensure consistency in theme alignment with
existing frameworks.

Results: Interviews were conducted among 35 participants (16 patients, 10 cardiologists, and 9 cardiac physiologists and nurses).
We identified 5 main themes and their associated subthemes, with 1 representing an enabler and 4 representing barriers. They
were: (1) patient benefits from RM, such as improved CIED and cardiovascular management, and improved patient-centered
care; (2) insufficient allocation of CIED RM resources, which included insufficient RM clinic funding and staffing, insufficient
RM service reimbursement, and RM infrastructure and access inequity; (3) suboptimal management of data, which includes
inconsistent RM alert interpretation and management, lack of guidance for clinic staff on RM data management, and an increased
alert burden for clinics; (4) insufficient patient education post-CIED implant, this was attributed to limited health care worker
availability and resulted in inadequate patient CIED and RM knowledge postimplant and patient anxiety associated with RM;
and (5) patient engagement with CIED management, which included the need for increased patient interaction with RM alerts
and the ability to share data with patients. These subthemes were mapped to 6 specific domains of the theoretical domains
framework: “Beliefs About Capabilities,” “Environmental Context and Resources,” “Beliefs About Consequences,” “Knowledge,”
“Emotions,” and “Goals.”

Conclusions: Patient engagement was identified in 3 of the 5 themes describing barriers and enablers to RM. These highlight
the importance of addressing patient engagement with RM to better implement and integrate the use of RM into routine clinical
practice. Barriers and enablers extend across multiple domains and suggest that a multipronged approach is required to translate
the gold standard care of RM to routine clinical practice.

(JMIR Cardio 2025;9:e67758)   doi:10.2196/67758
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Introduction

The use of remote monitoring (RM) is the standard of care for
patients with cardiac implantable electronic devices (CIEDs)
and is poised for wider adoption in the coming years, backed
by growing endorsements from large cardiac societies such as
the Heart Rhythm Society and Cardiac Society of Australia and
New Zealand [1,2]. Whilst this uptake in RM is a positive move
for improving patient care, in turn, it raises concerns about the
capacity of device clinics to manage the associated workload
[3,4]. Recent studies have estimated that managing 1000 patients
with CIED with RM necessitates a workforce commitment of
approximately 30‐46 hours per week by the clinical team [5].

The relative novelty of the technology creates challenges when
incorporating CIED RM into clinical practice. Insufficient
funding, lack of appropriate infrastructure, and lack of
standardized workflow are commonly cited barriers [3,4,6,7].
Furthermore, despite some cardiac organizations placing a
greater emphasis on patient engagement in the CIED,
engagement initiatives are lacking, particularly surrounding
patient education and information delivery [8,9]. The research
to date suggests that implementation of RM requires cohesive
management among many stakeholders, such as cardiologists,
nurses, cardiac physiologists, and patients.

It is recognized across multiple sectors of health care that
effective and sustainable implementation of research and
innovations into clinical care relies on relevant stakeholders’
input into the integration of the intervention [10]. A
comprehensive implementation analysis of RM across all
relevant stakeholders has not been conducted internationally.
Currently, there is a scarcity of information on stakeholder
perspectives of the barriers and enablers of CIED RM. Thus,
this study aimed to (1) establish broad stakeholder perspectives
on issues surrounding the routine implementation of CIED RM
and (2) apply the theoretical domain framework to highlight,
through an implantation science lens, the most effective
approaches to facilitate routine adoption of CIED RM.

Methods

Study Overview
This was a qualitative study, using semistructured interviews
to explore individual perspectives on barriers and facilitators
to RM of CIEDs and patient engagement. This study adhered
to the COREQ (Consolidated Criteria for Reporting Qualitative
Research) [11] checklist for study execution and subsequent
reporting.

Theoretical Domains Framework
We used the theoretical domains framework (TDF) to
understand barriers and enablers through an implementation
science lens. The TDF is comprised of 14 domains and 84
constructs to bring together many behavior-change theories. It

was designed to bridge the gap between behavior-change theory
and various medical disciplines, making it both accessible and
applicable to a wide range of health care professionals [12].

Research Team and Reflexivity
We adopted a hybrid approach, combining postpositivist
principles and codebook thematic analysis [13]. This approach
recognizes that knowledge is never fully objective but integrates
procedures to ensure rigor. Consistent with this perspective, we
acknowledge that all observations are shaped by the researcher’s
perspectives, assumptions, and contexts, which are tentative
and subject to revision. The research team was composed of
cardiologists (CC, AL, SL, AS, and KC), a doctor-in-training
and PhD student (BS), clinical researchers (ETO, CC, AL, SL,
AS, and KC), and a digital health expert (TS). Researchers (BS,
EO, CC, and TS) have experience conducting qualitative
research, while clinician-researchers (CC, AL, SL, AS, and KC)
have clinical cardiology experience. Interviews were conducted
by the lead researcher (BS). Participants were aware that the
interviewer was a PhD student and doctor-in-training; however,
they had not met him prior to their interview.

Study Setting and Recruitment
Between July 2022 and April 2023, we identified stakeholders
(cardiologists, cardiac physiologists, nurses, and patients) who
either used RM or were involved in analyzing and deciding on
appropriate action for the data or alerts received via CIED RM.
All stakeholders were based in Australia. Australia’s health care
system combines Medicare, which provides universal public
coverage, in parallel with private insurance for additional
services. Stakeholders were recruited from 5 hospitals providing
CIED and at least some RM services to urban and regional areas
of New South Wales, Australia: Westmead, Wollongong, Royal
Prince Alfred, Concord, and John Hunter. Stakeholder eligibility
criteria included being 18 years or older and English speaking.
Patient-specific criteria included currently having a CIED
in-situ, which is undergoing RM. Cardiologist-specific criteria
included being a consultant, public hospital or private
practice-based, and managing at least one patient currently
receiving RM. Cardiac physiologist and nurse-specific criteria
included managing at least one patient currently receiving RM
and public hospital or private practice-based.

Procedure or Data Collection
Specific interview guides (Multimedia Appendix 1) were
developed based on the stakeholders being interviewed
(cardiologists, cardiac physiologists, nurses or allied health
clinicians, and patients). The interview guides explored (1)
stakeholder perspectives on the barriers and facilitators of CIED
RM and (2) patient engagement with CIED and overall
cardiovascular disease (CVD) management. Additionally,
participant demographic data were collected verbally at the
beginning of each interview. To develop the interview guides,
we conducted a comprehensive literature review, identifying
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relevant studies on patient perspectives and existing interview
guides used in similar studies. Interview guides were further
refined after consulting with a cardiologist and conducting pilot
interviews to ensure that questions were clear, comprehensive,
and appropriate for the target audience. Potential clinical
participants (cardiologists, cardiac physiologists, and nurses)
were identified through snowball sampling conducted by the
principal investigators and clinical staff from each site, then
invited to participate either via email or in person. Patients were
identified through convenience sampling by site clinicians and
were invited to participate via phone call or in person. There
were no dropouts, and all participants who were approached
agreed to partake in the study. Participants consented either
electronically or verbally prior to study commencement. All
interviews were conducted either over telephone calls or in
person at a CIED clinic with only the researcher present. The
interview duration ranged from 15 to 45 minutes. We continued

to conduct interviews until the researcher judged that the dataset
was sufficiently rich to meaningfully address the research
question, conducting 35 interviews in total. This number exceeds
the sample adequacy range suggested by Hennick and Kaiser,
supporting the sufficiency of our sample. Interviews were audio
recorded and transcribed verbatim, without field notes being
taken. Participants did not receive a copy of the transcript to
review or provide feedback on study findings.

Data Analysis
Interview transcripts were uploaded to NVivo (version 14; QRS
International Pty Ltd) software. Two investigators (BS and EO)
analyzed using a hybrid approach, combining the benefits of
an inductive thematic analysis with a deductive approach [14]
to represent the data in a generalizable way using the TDF
(Figure 1).

Figure 1. Thematic analysis of the interview data using an inductive and deductive approach. TDF: theoretical domains framework.

Data were analyzed in an iterative process. Initially 2 researchers
(BS and EO) read and reread the first 5 transcripts and coding
fragments relevant to the research question. The codes were
reviewed, discussed, and deliberated between investigators (BS
and EO) to compare the data interpretation. The deliberation
aimed to ensure we had comprehensively covered all aspects
of the research question, to explore any potential nuances in the
interpretation, and resulted in the initial codebook development.
One investigator (BS) continued the analysis of the remaining
transcripts. This process was continually reviewed with refined
versions of the codebook reviewed by the investigator (EO).
This process enabled a transparent and rigorous approach to
coding while remaining sensitive to the inductive and
interpretive nature of the analysis.

Using a deductive analysis approach, codes were then matched
to the appropriate TDF domains. This process was reviewed,
discussed, and deliberated between investigators (BS and EO)
until consensus was reached and consistent.

One investigator (BS) used an inductive analysis approach to
develop subthemes from the codes before developing
overarching themes [15]. Themes and subthemes were generated
from codes across all participants, rather than stratifying by
stakeholder title (cardiologists, cardiac physiologists, nurses,
and patients). This process was reviewed and discussed between
investigators (BS and EO) until a consensus was reached,
resulting in the final data output.

Trustworthiness
In the inductive phase, we ensured rigor by using structured
codebooks and multiple coders to independently code the same
data. The coders discussed their interpretations to refine and
align them, ensuring consistency in the analysis while preserving
the interpretive flexibility of the approach. In contrast, in the
deductive phase, we applied the TDF to categorize themes. To
ensure consistency and coherence in this process, we compared
interpretations and reached a consensus on domain alignment.
This collaborative approach helped enhance the reliability of
our deductive analysis while respecting the interpretive nature
of qualitative research.

Ethical Considerations
Ethics approval was granted by the Western Sydney Local
Health District (2022/ETH00271). All participants provided
informed consent to partake in the study prior to data collection
and were informed that they could withdraw from the study at
any time. Participants were assigned a study ID and had all data
deidentified. No form of compensation was provided to any
participant for their involvement in the study.

Results

Overview
A total of 35 interviews were conducted between July 2022 and
April 2023. In total, 16 of the interviews were conducted with
patients, 10 with cardiologists, and 9 with cardiac physiologists
and cardiac nurses. The mean patient age was 73.1 (SD 10.7)
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years, and the majority were male (n=12, 75%) and born in
Australia (n=12, 75%). Pacemakers (n=8, 50%) were the most
common CIED type, and the mean duration of RM was 4.3 (SD
2.6) years. The mean cardiologist age was 46.2 (SD 6.3) years,
and the majority were male (n=9, 90%), subspecialized in
electrophysiology (n=7, 70%), had a mean duration of 12.3 (SD

6.6) years as a cardiologist, and a mean duration of 7.7 (3.6)
years managing patients with RM. The mean physiologist or
nurse age was 36.6 (SD 9.4), and the majority were female (n=5,
56%), and had a mean duration of 4.3 (SD 2.6) years managing
patients with RM. Participant demographic and clinical
experience results are presented in Table 1.
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Table . Demographic, CIEDa, and RMb characteristics of interviewed stakeholders.

Value (n=35)Characteristic

Patients (n=16)

73.1 (10.7)Age (years), mean (SD)

12 (75)Male, n (%)

    Country of birth, n (%)

12 (75)Australia

3 (19)England

1 (6)Lebanon

    CIED indication, n (%)

7 (44)Ventricular tachycardia primary prevention

3 (19)Atrial fibrillation

3 (19)Bradycardia

1 (6)Syncope

2 (12)Arrhythmia (unknown to the patient)

    CIED type, n (%)

8 (50)Pacemaker

5 (31)Defibrillator

3 (19)Cardiac resynchronization therapy—pacemaker

4.3 (2.6)Duration receiving RM (years), mean (SD)

Physiologists or nurses (n=9)

36.6 (9.4)Age (years), mean (SD)

4 (44)Male, n (%)

    Location, n (%)

5 (56)Western Sydney

1 (11)Illawarra

2 (22)Newcastle

1 (11)Sydney

6.1 (2.6)Duration managing RM (years), mean (SD)

Cardiologists (n=10)

46.2 (6.3)Age (years), mean (SD)

9 (90)Male, n (%)

    Location, n (%)

3 (30)Western Sydney

1 (1)Illawarra

3 (3)Newcastle

3 (3)Sydney

    Cardiologist subspecialty, n (%)

7 (70)Electrophysiologist

2 (20)Heart failure specialist

1 (10)Proceduralist

12.3 (6.6)Duration as cardiologist (years), mean (SD)

7.7 (3.6)Duration managing RM (years), mean (SD)
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aCIED: cardiac implantable electronic device.
bRM: remote monitoring.

We organized our results into themes and subthemes. Themes
and subthemes are summarized in Figure 2, with subthemes and
codes described below. One theme was deemed an enabler, and

4 barriers to RM. Illustrative quotes for each subtheme and code
are presented in Tables S1-S13 in Multimedia Appendix 2.

Figure 2. Themes and subthemes emerged from qualitative thematic analysis with allocation to the relevant TDF domains. CIED: cardiac implantable
electronic device; CVD: cardiovascular disease; TDF: theoretical domains framework.

Theme 1: Patient Benefits on RM

RM Improves CIED and CVD Management
The main benefits noted by stakeholders included the improved
patient treatment outcomes facilitated by RM (Quotes 1-3 in
Table S1 in Multimedia Appendix 2). These benefits were
perceived to be largely driven by earlier detection of clinical
issues (Quotes 4-9 in Table S1 in Multimedia Appendix 2),
reduced postimplant issues (Quotes 10 and 11 in Table S1 in
Multimedia Appendix 2), prevented hospital admissions (Quote
12 in Table S1 in Multimedia Appendix 2), and deployment of
a service to rural and remote patients who otherwise have
restricted access to CIED care (Quote 13 in Table S1 in
Multimedia Appendix 2). Furthermore, clinicians reported that
RM-based care enabled CIED management to be provided to
patients without face-to-face review during the COVID-19
pandemic (Quote 14 in Table S1 in Multimedia Appendix 2).

RM Enhances the Emphasis on Patient-Centered Care
Cardiologists noted RM processes are designed to be
user-friendly for patients (Quote in Table S2 in Multimedia
Appendix 2). Physiologists highlighted that RM facilitates
improved care for patients in nursing homes, who previously
had difficulties attending face-to-face clinics (Quote 2 in Table
S2 in Multimedia Appendix 2). Patients expressed gratitude for
the reduced hospital visits required for CIED reviews (Quote 3
in Table S2 in Multimedia Appendix 2). Additionally, patients
reported a sense of safety derived from having the health care
team monitor their data through RM (Quotes 4 and 5 in Table
S2 in Multimedia Appendix 2).

Theme 2: Insufficient RM Resources, Funding, and
Recognition of Workload and Skills

Funding for Management of RM Service
Barriers to the implementation and management of RM were
centered around inadequate funding for clinics within the public
sector. Cardiologists and physiologists reported that current
reimbursement schemes fail to recognize the extensive tasks
involved in providing the RM service and, in turn, do not
provide adequate funding to deliver the service for improved
patient care (Quotes 1-7 in Table S3 in Multimedia Appendix
2). Currently, clinicians reported that the delivery of RM comes
with additional costs to the CIED clinics (Quote 8 in Table S3
in Multimedia Appendix 2), with some public hospitals reluctant
to cover these costs despite the patient benefits (Quote 9 in
Table S3 in Multimedia Appendix 2). Due to the inadequate
funding, some clinicians reported they are unable to employ
adequate staff to manage RM alerts (Quote 10 in Table S3 in
Multimedia Appendix 2). Improved funding, infrastructure, and
recognition by health services were recommended for RM
development (Quotes 11 and 12 in Table S3 in Multimedia
Appendix 2).

Staffing for Management of RM Alerts
Interpreting and responding to alerts can be time-consuming
due to the range of “invisible” tasks required, which include,
but are not limited to, confirming the alert accuracy, reviewing
previous alerts, patient history and medications, patient contact,
reprogramming, education, report development, and cardiologist
escalation. The time to complete these tasks varies among
physiologists based on their experience and confidence levels
(Quote 1 in Table S4 in Multimedia Appendix 2). Physiologists
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mentioned that there is an inadequate number of staff employed
to manage the RM workload (Quotes 2-4 in Table S10 in
Multimedia Appendix 2), which can result in alerts not being
managed in a timely fashion (Quotes 5 in Table S4 in
Multimedia Appendix 2). Cardiologists mentioned that
physiologists need more allocated time to manage alerts and
scheduled reviews (Quotes 6 in Table S4 in Multimedia
Appendix 2). Additionally, some cardiologists reported not
having the capacity to review RM alerts (Quote 7 in Table S4
in Multimedia Appendix 2).

RM Access Inequity
Not all patients receive RM, and factors associated with
receiving RM drive inequity in access (Quotes 1 and 2 in Table
S5 in Multimedia Appendix 2). Cardiologists identified some
of these factors: public payment models are poorly suited to the
provision of RM, existing health services may not provision
RM support, and smaller services may not have the skill mix
to support RM (Quotes 3 and 4 in Table S5 in Multimedia
Appendix 2). Additionally, smaller cardiology clinics often lack
the necessary resources and capacity to offer the service (Quote
5 in Table S5 in Multimedia Appendix 2). Other factors
hindering the equitable distribution of RM include the
incompatibility of CIED, with many older models unable to
support this technology (Quote 6 in Table S5 in Multimedia
Appendix 2), and inadequate patient internet access, particularly
affecting rural patients (Quote 7 in Table S5 in Multimedia
Appendix 2).

Theme 3: RM Data Management Burden and Risks

RM “Alert Burden”
Reviewing and managing alerts transmitted through RM was
reported to be a time-consuming process for CIED clinic staff
due to the range of “invisible” clinical and nonclinical tasks
associated with alert receipt (Quotes 1-3 in Table S6 in
Multimedia Appendix 2). Physiologists partly attributed this
alert burden to their inability to modify alert parameters due to
manufacturer system restrictions (Quotes 4 and 5 in Table S6
in Multimedia Appendix 2). Additionally, the transmission of
alerts that are false positives further amplifies the workload for
physiologists, which will only worsen with increasing CIED
implants and RM utilization (Quote 6 in Table S6 in Multimedia
Appendix 2). Consequently, the heightened alert burden
resulting from a generalized alert setup and increased workload
may compromise patient care and raise the likelihood of
overlooking critical alerts (Quotes 7 and 8 in Table S6 in
Multimedia Appendix 2).

Inconsistencies in Interpreting and Managing RM Alerts
Physiologists raised that there is a lack of uniformity in
knowledge, skills, experience, and training to manage RM alerts
(Quotes 1-3 in Table S7 in Multimedia Appendix 2). It was
noted that in some countries, the cardiac physiologist workforce
regulation requires registration with a Clinical Physiologists
Registration Board, but in other countries like Australia, this is
not mandatory. It was also raised that the lack of more specific
clinical guidelines, or pragmatic training on responding and
managing RM alerts, presents risks and challenges to service
delivery (Quotes 4 and 5 in Table S7 in Multimedia Appendix

2). Further participants highlighted that there were significant
differences among cardiologists and cardiology services in the
appropriate management of RM alerts (Quote 6 in Table S7 in
Multimedia Appendix 2), including what information is relevant
to convey by physiologists to clinicians upon alert detection
(Quote 7 in Table S7 in Multimedia Appendix 2). Furthermore,
cardiologists highlighted a lack of standardization in the
“baseline” settings of alert thresholds (Quote 8 in Table S7 in
Multimedia Appendix 2).

Need for Alert Management Guidance
To enhance RM data management efficiency, physiologists
have emphasized the need for RM alert management guidelines
to provide support to CIED clinic staff (Quotes 1 and 2 in Table
S8 in Multimedia Appendix 2). Additionally, cardiologists
emphasize the importance of eliminating nonessential activities
and implementing a process to receive alerts only for relevant,
actionable issues (Quote 3 in Table S8 in Multimedia Appendix
2). Furthermore, cardiologists have expressed the need for a
national consensus statement from experts in the RM field to
provide standardized care for alert management (Quote 4 in
Table S8 in Multimedia Appendix 2). Some clinics have taken
the initiative to develop their internal alert management
protocols, resulting in a reduction of “unnecessary” alerts and
an overall decrease in workload (Quotes 5 and 6 in Table S8 in
Multimedia Appendix 2).

Theme 4: Insufficient Patient Education and
Understanding of CIED and RM

Inadequate Patient Postimplant Knowledge
Patients mentioned that the information provided post-CIED
implant was inadequate for their needs. Key areas of knowledge
deficit upon discharge included a poor understanding of the RM
service (Quote 1 in Table S9 in Multimedia Appendix 2) and a
poor understanding of restrictions to daily activities (Quotes
2-7 in Table S9 in Multimedia Appendix 2). A barrier to
effective patient education can be the timing of information
delivery, with patients reporting being overwhelmed
peri-implant and struggling to retain information (Quote 8 in
Table S9 in Multimedia Appendix 2). In addition, discrepancies
in information delivery exist between CIED types, with
physiologists reporting that patients with implantable
cardioverter defibrillator routinely receive greater education
than patients with permanent pacemaker (Quote 9 in Table S9
in Multimedia Appendix 2). Furthermore, discrepancies exist
based on insurance status, with private patients often receiving
greater information than public patients (Quotes 10 and 11 in
Table S9 in Multimedia Appendix 2). Following hospital
discharge, patients reported that there is a lack of resources to
acquire information (Quote 12 in Table S9 in Multimedia
Appendix 2) and a lack of communication channels to ask
specific questions (Quote 13 in Table S9 in Multimedia
Appendix 2). Ultimately, both patients and physiologists
acknowledge that there is no formal postdischarge program
available to provide ongoing patient education and support,
which in the future is something that is required for RM
progression (Quotes 14-17 in Table S9 in Multimedia Appendix
2).
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Patient Education is Limited by Health Care Team
Availability
Cardiologists acknowledged that discussions with patients and
the delivery of “proper” education do not often occur, largely
due to workload and time constraints (Quotes 1-2 in Table S10
in Multimedia Appendix 2). Both patients and physiologists
believe insufficient explanations and education are provided to
patients upon scheduled reviews (Quotes 3 and 4 in Table S10
in Multimedia Appendix 2). Patients frequently mentioned that
they often have questions regarding their care and restrictions;
however, they do not have access to the health care team to ask
these questions (Quotes 5 and 6 in Table S10 in Multimedia
Appendix 2).

Patient Anxiety Associated With RM
The use of RM could be associated with heightened patient
anxiety, influenced by various factors. Cardiologists noted that
patients may be hesitant to embrace the RM service, primarily
due to concerns about the privacy of their data (Quote 1 in Table
S11 in Multimedia Appendix 2). Patients reported that they
experienced increased anxiety when receiving inconsistent
information regarding their data, such as the battery life of their
CIED (Quote 2 in Table S11 in Multimedia Appendix 2). In
addition, patients reported that travel-related scenarios would
exacerbate their anxiety, with patients and their families
expressing mistrust in both the CIED and the RM system when
traveling and not having close access to a hospital (Quotes 3
and 4 in Table S11 in Multimedia Appendix 2). This mistrust
has stemmed from inconsistencies in patient explanations of
CIED clinic and RM capabilities.

Theme 5: Patient Engagement

Need to Improve Patient Engagement With Alerts
Patients and cardiologists mentioned the need for improved
communication with patients following alert detection (Quotes
1-3 in Table S12 in Multimedia Appendix 2). However, patient
contact should only occur if the alerts are actionable and relevant
to the patient (Quotes 4 and 5 in Table S12 in Multimedia
Appendix 2). Patients and physiologists mentioned the benefit
of using a digital tool such as an SMS text messaging platform
or app to contact patients regarding alerts and for patients to
ask questions (Quotes 6-8 in Table S12 in Multimedia Appendix
2).

CIED Data Sharing With Patients
There were varying perspectives on the provision of CIED data
to patients. Cardiologists felt that patients should be able to
access their CIED data (Quote 1 in Table S13 in Multimedia
Appendix 2) and that personalized in-time data provided to the
patient would improve engagement (Quotes 2 and 3 in Table
S13 in Multimedia Appendix 2). However, nurses and
physiologists anticipate that data sharing could increase patient
anxiety and concern (Quotes 4-6 in Table S13 in Multimedia
Appendix 2). Patients noted that if they were to have access to
their data, there would have to be careful consideration of what
was presented (Quote 7 in Table S13 in Multimedia Appendix
2), and suggested that the data would need to be delivered in a

user-friendly format (Quotes 8 and 9 in Table S13 in Multimedia
Appendix 2).

TDF
Subthemes were categorized into 6 TDF domains. The
subthemes “RM improves CIED and CVD management,” “RM
enhances the emphasis on patient-centered care,” and “CIED
data sharing with patients” were developed within the Beliefs
About Capabilities domain. Subthemes “Insufficient funding
for management of RM service” “Insufficient staffing for
management of remote monitored,” and “Remote monitoring
access inequity” were developed within the Environmental
Context and Resources domain. The subtheme “Remote
monitoring alert burden” was developed within the Beliefs
About Consequences domain. Subthemes “Inconsistencies in
interpreting and managing RM alerts” and “Inadequate patient
postimplant knowledge” were developed within the Knowledge
domain. The subtheme “Patient anxiety associated with remote
monitoring” was developed within the Emotions domain.
Finally, the subthemes “Need for alert management guidance”
and “Need to improve patient engagement with alerts” were
developed within the Goals domain.

Discussion

Principal Results
RM of CIEDs offers significant advantages for individuals with
CVD; however, there is still a large scope for improved
implementation. This study provides a current multidisciplinary
perspective on RM implementation and a framework of barriers
and enablers to address for improving future implementation
and scale-up. We identified 5 main themes representing the
barriers and facilitators to CIED with RM use. These themes
are mapped to 6 domains of the TDF, which can inform targeted
interventions to enhance implementation and maximize the
potential benefits of CIED RM.

Comparison With Other Work
Across the themes, there was a reinforcement of the benefits of
CIED RM directly to the patient in both improved efficiencies
in health care delivery and improved health outcomes through
early detection of issues, prevention of hospital admissions, and
better provision of care to rural or remote patients. These
perspectives are corroborated by several recent studies which
have demonstrated that RM enables earlier detection of
actionable alerts [16], improves outcomes including reduced
inappropriate shocks [17], decreases rates of strokes [16], and
reduces mortality rates demonstrated in the pooled analysis of
3 RCTs using continuous RM [18]. Furthermore, improvements
in health care service utilization have been demonstrated with
reduced emergency department presentations [19], hospital
admissions [20,21], and hospitalization length-of-stay times
[21]. However, in patients with heart failure, RM has not
consistently demonstrated benefits in mortality and heart failure
hospital readmissions [22].

In total, 3 of the 5 themes identified centered on patient
engagement, understanding, and perceived utility. Across
subthemes, it was identified that RM enhances the focus on
patient-centered care (offering a user-friendly service,
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minimizing in-person reviews, correlating concerns with CIED
data, and extending the service to patients who would otherwise
lack such care) and enhances the patient’s sense of care. This
is underscored by expressions of patient satisfaction,
appreciation, reassurance, and an improved sense of safety in
managing their CIED and CVD. These observations align with
prior studies that have consistently shown positive outcomes in
terms of patient satisfaction [23,24], acceptance [25], and an
enhanced feeling of safety [23,24,26].

However, resourcing and an inadequate recognition of the tasks
arising from RM, as well as the skills and training needed to
manage alerts, were consistently identified as barriers to CIED
RM. Lack of funding and appropriate reimbursement schemes
have also been seen as a prominent barrier in European and
North American countries [6,27]. While a recent meta-analysis
has demonstrated that CIED RM is a cost-effective intervention
for health care systems [28], current models of care do not yet
account for the additional tasks that arise from RM
implementation, particularly those associated with alert
management. Staff described alert management as comprising
multiple additional phone calls, troubleshooting connectivity
issues, alert triage, and scheduling in-person reviews [29]. Many
staff and health services are not recognized for the increased
workload associated with RM [27], which may be expected to
rise with the increasing complexity of CVD, the complexity of
technology, and the number of CIED implants.

RM data management was also consistently identified as a
challenge to RM implementation. The “alert burden” associated
with nonclinically significant alerts was particularly called out
as a process management challenge. Contributing to this was
the generalized nature of alert parameters, the discrepancies
between alert interpretation, and the lack of clinical
appropriateness guidance. Potential risks could also arise if the
“alert burden” arising from “nonactionable” alerts jeopardizes
patient care through the missing of time-critical alerts, a
phenomenon described as “alert fatigue” [30]. Consequently,
clinicians have expressed the need for the standardization of
RM data management from the guidance of a national expert
consensus panel. This call for RM standardization processes is
not novel to this study, with multiple recent studies identifying
the growing alert burden and need for guidance on standardized
improved management approaches [6,31,32]. Recently, an
international expert consensus statement was created by the
Heart Rhythm Society and other large cardiac organizations to
provide guidance for device clinics and clinicians on managing
CIED follow-up, with some recommendations on
operationalizing RM follow-up; however, this guidance lacks
specificity on how to react to clinical issues detected via CIED
RM [1]. In this study, some clinicians reported that their
respective hospitals had instituted internal protocols for
managing RM data, yielding positive outcomes in workload
management without compromising patient care. Given the
clinician’s desire and potential benefits of a standardized
approach to RM data management, improved clinical guidance
on RM data management is required.

Insufficient post-CIED implant education was a key barrier
identified across stakeholders. This study identified that many
patients believe they do not receive adequate information, both

peri-implant and upon discharge. This is in line with previous
studies that have identified that patients have a substantial deficit
in their CIED knowledge, despite having a strong desire to
receive more information, specifically around restrictions on
daily living and how to deal with device-related issues [8,9,33].
Clinicians noted that limited understanding of the technology
by the patients can prevent the uptake of the RM service and
increase patient anxiety living with a CIED. Despite this
concern, clinicians noted that patient education is not enforced
nor standardized, with variation seen in the provision of
information due to factors such as CIED type, insurance status,
CIED manufacturer, and clinic staff availability. Large language
models show potential in addressing gaps in patient education
for general cardiac risk factors [34]; however, further training
is needed before clinicians can trust their ability to enhance
understanding and engagement for patients with CIED [35].
Future co-design studies with key stakeholders are required to
develop an effective and efficient program to allow adequate
and standardized patient education, without significantly
increasing clinician workload.

Finally, patient engagement with CIED management emerged
as a prominent theme across stakeholders. CIED RM has the
unique opportunity to better engage patients with their CVD
management through the frequent transmission of cardiac data.
Clinicians outlined that a future goal for RM is to better engage
patients with the alerts received, through early contact on
“actionable alerts.” A potential modality proposed by
stakeholders for this engagement is through a digital tool such
as an SMS text messaging platform or app, where patients could
access their data or alerts and communicate with their health
care team. Clinicians had mixed beliefs on the utility of data
sharing with patients, with some believing that it would
positively increase engagement, while others are concerned it
would increase patient anxiety and clinic workload. Patients
believe that if data or alerts were to be provided to them, it
would need to be presented in a user-friendly format. Previous
studies focusing on CIED RM data interoperability with patients
found that the data shared should be simplified, yet informative
[36], be personalized and accompanied with informational
support [37], and can ultimately enhance shared decision-making
without increasing clinical workload [38]. Whilst CIED data
sharing with patients may improve patient management, the
feasibility of this technology is yet to be thoroughly explored.

Strengths and Limitations
The strength of this study is the involvement of both patients
and multidisciplinary clinicians, thus providing a comprehensive
perspective of CIED RM barriers and enablers. The study also
mapped the elicited themes and subthemes to behavior change
techniques, which can be used to target actionable strategies for
future adaptations to improve the RM service. However, this
study has some limitations that need to be considered. First,
participants were only recruited from New South Wales,
Australia, with most included patients located in metropolitan
and regional areas. However, the included multidisciplinary
clinicians also serve patients from rural and remote regions and
thus have a strong understanding of the barriers and enablers
of the RM service in these areas. Second, the approach to
participant recruitment used convenience sampling, which may
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limit the generalizability of our results. Despite this, the
participant population sampled is varied in their backgrounds,
with patients having a wide spread of CIED types and
indications for CIED implants, and clinicians having an
appropriate mix of genders, occupations, and subspecializations
for cardiologists. Thereby, the collected information is insightful
and likely applicable to the wider population when informing
future research and clinical directions of RM.

Conclusions
This study highlights the benefits and challenges of CIED RM
from the perspectives of patients and multidisciplinary

clinicians. It emphasizes both the role of the patient with themes
centering on patient engagement, education, and benefits, as
well as that of multidisciplinary clinicians challenged by the
wealth of data, alert burden, and complexity of tasks arising
from RM. The findings can serve as a roadmap to action to
guide the continued development and implementation of RM
services into the future. It seems clear that there is great potential
for patient and health system benefits from the implementation
of good systems for RM, but we are not there yet.
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Abstract

Background: Telemedicine enables the provision of health services at a distance using information and communication
technologies and includes different types of services: telemonitoring, remote control, virtual visit or televisit, telereferral,
teleassistance, medical teleconsultation, health professionals’ teleconsultation, and telerehabilitation. Continuous monitoring,
early care, and greater therapeutic adherence could be benefits of telemedicine in the management of cardiovascular diseases.
There are not many studies in the literature investigating the use of telemedicine in cardiology in Italy.

Objective: The aim of this study is to illustrate the results of a survey on telemedicine services in cardiology conducted by the
Department of Cardiovascular, Endocrine-Metabolic Diseases and Aging of the Italian National Institute of Health.

Methods: The Telehealth Quality of Care Tool (TQoCT) from the World Health Organization (WHO) was used as the model.
A survey was disseminated by the National Association of Doctors and Hospital Cardiologists (ANMCO) from June 2024 to
October 2024 through a link provided to hospital and university cardiology operative units identified through the 8th Census of
Cardiological Structures in Italy. The facilities were contacted by email or telephone. The survey was built using Microsoft Forms
and composed of 52 questions divided into 6 sections. The analysis was carried out for the whole national territory and by
geographical area.

Results: Of the 443 hospitals contacted, the response rate was 56.7% (251/443). Overall, 78.9% (198/251) of facilities reported
telemedicine initiatives providing telemonitoring (128/198, 64.6%), telereferrals (104/198, 52.5%), medical teleconsultations
(93/198, 47%), televisits (82/198, 41.4%), health professionals’ teleconsultations (64/198, 32.3%), and telerehabilitation (10/198,
5.1%). The most frequently followed cardiovascular conditions were heart failure, ischemic heart disease, and cardiac arrhythmias,
especially atrial fibrillation. Of the facilities, 51% (101/198) used deliberations, procedures, protocols, or informed consent for
their activities, and 46% (91/198) of the reported services were paid. Lack of dedicated staff, complexity in organizational terms,
and lack of technological equipment in the structure were the principal obstacles for health professionals; lack of familiarity with
technology was the principal obstacle for patients.

Conclusions: There are still organizational and clinical limitations to resolve to make telemedicine in cardiology an integral
part of medical practice. The true challenge of telecardiology is likely the integration of available technology with precise,
concrete, and simplified organizational models. As a tool, technology is fundamental only if it is accessible and adequate. However,
it must be integrated with new paths built according to the needs of the territory, patients, and health personnel. Such a survey
could provide help for the future design and use of telemedicine services in cardiology in Italy.

(JMIR Cardio 2025;9:e73747)   doi:10.2196/73747
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Introduction

Background
According to the definition from the World Health Organization
(WHO), telemedicine is the “provision of health services by all
actors using information and communication technologies (ICT)
for the exchange of valid information for diagnosis, treatment
and prevention of diseases where distance is a critical factor, in
the interest of improving the health of individuals and their
communities” [1]. Telemedicine therefore allows remote health
services to be delivered using ICT devices without patients
having to go to a health care facility. Telemedicine includes
different types of services, such as telemonitoring, remote
control, virtual visit or televisit, telereferral, teleassistance,
medical teleconsultation, health professionals’ teleconsultations,
and telerehabilitation.

Regarding cardiology, telemedicine can be a useful tool for
postdischarge care continuity, for example. Cardiology is a
branch with a considerable number of chronic diseases, so
continuous monitoring can help prevent and manage the
worsening of a patient’s condition. Similarly, it allows remote
data sharing, providing a comparison among health care
professionals in a context that is not possible onsite.

In Italy, according to the mapping of experiences in telemedicine
for the national territory drawn up in 2018 [2], telemonitoring
and teleassistance represented 26% of the services, with 43%
concerning cardiology specialists and 57% representing other
specialists. Many regions and autonomous provinces took note
of the 2020 national guidelines or interim indications for
telemedicine care services [3,4] in different documents that
proposed and implemented local solutions. In the field of
cardiology, the “National Consensus Document on telemedicine
for cardiovascular diseases: indications for tele rehabilitation
and telemonitoring” [5] was recently published. Although
telecardiology proved beneficial in terms of care, comfort, and
patient access, it still has limitations, both logistical and medical,
to becoming an integral part of medical practice in the future
[6].

In 2021, the Italian Association of Arrhythmology and
Cardiostimulation (AIAC) released a survey entitled
“Telecardiology and the use of remote monitoring of implantable
Devices in Italy in light of the COVID-19 period.” That survey
aimed mainly to investigate the spread of remote monitoring of
cardiac implantable electronic devices (CIEDs) in Italy, in
particular following the period of the health emergency [7].
Subsequently, in October 2023, the Italian National Institute of
Health (ISS) collaborated on the “First national survey on
telemedicine in private outpatient care” with Luiss University,
the Health Wellness and Resilience Observatory of the Bruno
Visentini Foundation, and the integrative health fund Fasdac
[8]. This survey concerned the use of telemedicine within private
outpatient facilities. Recently, the 8th Census of Cardiological
Structures in Italy, conducted by the National Association of
Doctors and Hospital Cardiologists (ANMCO), reported some
data about the spread of telemedicine in cardiology in Italy, but
it only covered the frequency of use of televisit services,
telemonitoring, teleconsultations, and telereferrals. The census

was conducted in 2022 and published in the beginning of 2024
[9]. At the international level, the literature covers surveys on
perceptions of health professionals about telemedicine during
the COVID-19 pandemic [10] and the acceptance of
telemedicine in cardiology by specialists and general
practitioners [11]. Currently, there are no dedicated surveys
reported in the literature that investigated telemedicine services
and their characteristics in cardiology in Italy.

Aim of the Study
This study reports the results of the survey on telecardiology in
Italy, which was conceived, designed, and conducted by the
Department of Cardiovascular, Endocrine-Metabolic Diseases
and Aging of the ISS. The survey was addressed to hospital and
university cardiology operative units (OUs) in the national
territory—both those listed by ANMCO and those found using
an online search.

The aim was to describe the current state of telecardiology
services in Italy: Being aware of real-world data on the territory
is essential to be able to understand the strengths and weaknesses
of a service as well as to improve it.

Methods

This report was conducted in adherence with CHERRIES
(Checklist for Reporting Results of Internet E-Surveys) [12].
The Telehealth Quality of Care Tool (TQoCT) [13] was also
consulted. Based on previous recommendations and scoreboards,
the WHO developed a tool that serves both as a guide and as a
self-assessment to improve the quality of telemedicine services,
which is useful at the local, regional, and national levels.

Recruitment
The respondents were selected on the basis of the 8th Census
of Cardiological Structures in Italy conducted by ANMCO [9]
in 2022. We also performed an online research of the
institutional sites of the Italian regional health service for a
better understanding of the real operational structures.

The questionnaire was disseminated in 3 levels of intervention:
email with a cover letter sent to the health departments of the
regions and autonomous provinces, email with a cover letter
addressed to the Directors of the hospital and university
cardiology OUs, and phone contact with the Directors of the
cardiology hospital and university OUs.

An ISS email account was specifically created for the survey
(surveytelecardiologia@iss.it) as well as the cover letters.

The institutional emails of the Directors of the OUs were used
as contact details, unless they had explicitly requested to send
them to their personal email address; the publicly available
phone numbers of the OUs or numbers voluntarily provided by
Directors themselves were used for telephone contact. The
survey started on June 14, 2024, and ended on October 18, 2024.

To ensure widespread territorial coverage, several scientific
societies were involved in survey dissemination, by sending
emails with a cover letter to societies’ Presidents. In particular,
the Italian Society of Cardiology; the AIAC, especially the
Women & Arrhythmology Area; the Latium section of the
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Italian Society of Telemedicine; and the Italian Society of
Digital Medicine actively contributed to the study.

A Microsoft Forms template was designed to ensure that the IP
addresses of the computers used to complete the survey were
not recorded. For each participating facility, the Microsoft Forms
application created a unique ID and collected information on
start time and completion time of data entry. The data controller
was ISS as well as the participating centers.

The Questionnaire
The survey, digitally composed using Microsoft Forms, was
based on a questionnaire of 52 questions divided into 6 sections:
(1) facility information (6 questions); (2) presence of
telemedicine projects (1 question); (3) type of telemedicine
services (27 questions) defined according to the 2020
State-Regions Agreement [4]; (4) governance, safety, and
accessibility (12 questions); (5) volumes and patient centrality
(4 questions); and (6) obstacles to service development and
implementation (2 questions).

Of the 52 total questions, 18 were multiple choice, and 11
included a text description field, 4 of which were dedicated to
the description of the structure. In addition, 16 required a single
answer, while 6 required date entries and 1 question required
numerical data. The complete questionnaire is available in
Multimedia Appendix 1.

Statistical Analysis
Statistical elaboration of the collected data was performed using
R software (version 4.0.3) both on a national level and by
geographical area. In particular, regions and autonomous
provinces were divided into the 3 macro-areas of “north” (Aosta
Valley, Piedmont, Liguria, Lombardy, Trentino-Alto Adige,
Veneto, Friuli-Venezia Giulia, and Emilia-Romagna), “center”
(Tuscany, Marche, Umbria, Latium, and Abruzzo), and “south
and islands” (Molise, Campania, Puglia, Basilicata, Calabria,
Sicily, and Sardinia). Quantitative variables are expressed as n
(%).

Ethical Considerations
The survey was submitted to the National Ethics Committee
for Trials of Public Research Institutions and other public bodies
with a national character (National Ethics Committee), which
approved the study on May 17, 2024 (protocol number
0021567). The activity did not collect personal data; in any case,
the study information and consent to participate in the study
were an integral part of the form accessed through the link
shared to participate in the survey itself.

Results

Facility Information
Of 443 facilities contacted, 251 responded, for a response rate
of 56.7%. Table 1 shows the distribution of contacted and
responding centers, along with their response rates, reported by
region or autonomous province, and geographical areas.
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Table . Contacted centers and responding centers reported by region or autonomous province and geographical area.

Responding centers (n=251), n (%)aContacted centers (n=443), n (%)Location

Region

0 (0)13 (2.9)Abruzzo

1 (25)4 (0.9)Basilicata

7 (50)14 (3.2)Calabria

12 (26.1)46 (10.4)Campania

19 (65.5)29 (6.5)Emilia-Romagna

5 (62.5)8 (1.8)Friuli-Venezia Giulia

36 (76.6)47 (10.6)Latium

13 (68.4)19 (4.3)Liguria

36 (60.0)60 (13.5)Lombardy

5 (38.5)13 (2.9)Marche

1 (25)4 (0.9)Molise

25 (80.6)31 (7)Piedmont

14 (48.3)29 (6.5)Puglia

9 (90)10 (2.3)Sardinia

19 (46.3)41 (9.3)Sicily

22 (73.3)30 (6.8)Tuscany

3 (60)5 (1.1)Trentino-Alto Adige

5 (62.5)8 (1.8)Umbria

1 (100)1 (0.2)Aosta Valley

18 (58.1)31 (7)Veneto

Geographical area

120 (65.2)184 (41.5)North

68 (69.4)98 (22.1)Center

63 (39.1)161 (36.3)South and islands

aPercentage of those who were contacted in that region.

The mean time to complete the survey was 12 (SD 5) minutes.
About one-half (123/251, 49%) of the responding facilities were
part of hospitals directly managed by local health companies,
followed by hospital and university companies (Table S1 in
Multimedia Appendix 2).

Presence of Telemedicine Projects
In total, 198 facilities (198/251, 78.9%) reported telemedicine
initiatives; details by geographical areas are shown in Table 2.

Table . Facilities using telemedicine by geographical area.

Total (n=251), n (%)South and islands (n=63), n
(%)

Center (n=68), n (%)North (n=120), n (%)Use of telemedicine

198 (78.9)44 (69.8)53 (77.9)101 (84.2)Yes

53 (21.1)19 (30.2)15 (22.1)19 (15.8)No

Type of Telemedicine Services
Since the same facility could perform more than just one
telecardiology service, respondents were able to answer this
question with multiple options. We found that the majority of
facilities (128/198, 64.6%) provided telemonitoring services,

followed by telereferrals (104/198, 52.5%), medical
teleconsultations (93/198, 47%), televisits (82/198, 41.4%),
health professionals’ teleconsultations (64/198, 32.3%), and
telerehabilitation (10/198, 5.1%). Table 3 shows the breakdown
by geographical area.
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Table . Telemedicine services provided by facilities using telemedicine, reported by geographical area.

Total (n=198, n (%)South and islands (n=44), n
(%)

Center (n=53), n (%)North (n=101), n (%)Telemedicine service

82 (41.4)8 (18.2)24 (45.3)50 (49.5)Televisit

93 (47)13 (29.6)28 (52.8)52 (51.5)Medical teleconsultation

64 (32.3)12 (27.3)21 (39.6)31 (30.7)Health professionals’ tele-
consultation

128 (64.6)21 (47.7)34 (64.2)73 (72.3)Telemonitoring

104 (52.5)23 (52.3)27 (50.9)54 (53.5)Telereferral

10 (5.1)0 (0)2 (3.8)8 (7.9)Telerehabilitation

Table 4 reports the cardiovascular diseases that were most
commonly followed through different telemedicine services:

patients with heart failure, carriers of CIEDs, or patients who
needed therapeutic plans related to cardiovascular diseases.

Table . Cardiovascular diseases for which a national telemedicine service was provided in facilities using telemedicine (n=198).

Telerehabilitation
(n=10), n (%)

Telemonitoring
(n=128), n (%)

Health professionals’
teleconsultation
(n=64), n (%)

Medical teleconsulta-
tion (n=93), n (%)

Televisit (n=82), n (%)Disease

5 (50)6 (4.7)16 (25)51 (54.8)19 (23.2)Ischemic heart disease

1 (10)—a1 (1.6)16 (17.2)1 (1.2)Congenital heart dis-
ease

3 (30)1 (0.8)6 (9.4)32 (34.4)3 (3.7)Valvular heart disease

—90 (70.3)37 (57.8)36 (38.7)55 (67.1)Remote control of

CIEDb

—46 (35.9)16 (25)39 (41.9)20 (24.4)Atrial fibrillation

—5 (3.9)6 (9.4)21 (22.6)8 (9.8)Arterial hypertension

1 (10)3 (2.3)3 (4.7)14 (15.1)8 (9.8)Rare diseases in cardi-
ology

2 (20)41 (32)17 (26.6)35 (37.6)15 (18.3)Arrhythmic disorders

————40 (48.8)Treatment plans for
cardiovascular diseases

——4 (6.2)12 (12.9)—Noncardiological dis-
eases

8 (80)69 (53.9)40 (62.5)64 (68.8)64 (78)Heart failure

—41 (32)14 (21.9)26 (28)8 (9.8)Syncope

aNot applicable.
bCIED: cardiac implantable electronic device.

A televisit was often used to follow up heart failure, for the
remote control of CIEDs, and for the compilation of therapeutic
plans of the drugs monitored by the Italian Agency of the Drug.
Medical teleconsultations and health professionals’
teleconsultations were associated mainly with heart failure.
Telemonitoring was mainly used with patients with CIEDs and
to a lesser extent with patients using wearable devices, or at
least not implantable devices, who had heart failure and atrial

fibrillation. Finally, heart failure and ischemic heart disease
were the pathologies for which telerehabilitation was used most
often.

Telereferral of cardiological instrumental examinations was
primarily used for the remote interpretation of
electrocardiograms (ECGs), particularly within
hospital-to-territory, intrahospital, and emergency network
settings. Further details are shown in Table 5.
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Table . Services that involved telereferrals at the national level and by geographical area.

Total (n=104), n (%)South and islands (n=23), n
(%)

Center (n=27), n (%)North (n=54), n (%)Service

56 (53.8)8 (34.8)14 (51.8)34 (63)Remote control of CIEDa

62 (59.6)15 (65.2)9 (33.3)38 (70.4)Emergency ECGb (network
118)

81 (77.9)21 (91.3)19 (70.4)41 (75.9)Intrahospital ECG

62 (59.6)7 (30.4)13 (48.1)42 (77.8)Hospital-territory ECG

9 (8.7)3 (13)1 (3.7)5 (9.3)Echocardiogram

22 (21.8)5 (21.7)8 (29.6)9 (16.7)ECG Holter monitoring for
24 hours

13 (12.5)3 (13)3 (11.1)7 (13)ECG monitoring through
other devices

10 (9.6)3 (13)6 (22.2)1 (1.8)Outpatient monitoring of
blood pressure

aCIED: cardiac implantable electronic device.
bECG: electrocardiogram.

For some telemedicine services, additional elements were
investigated (ie, the facilities [hubs and spoke] in which the
medical teleconsultation was carried out and number and skills
of the health personnel involved in teleconsultation and
telemonitoring).

Medical teleconsultations were carried out mainly with other
regional hospitals and with general practitioners or free choice

pediatricians, followed by the OUs of the same hospital (Table
6). There was still little interaction between regions, although
this was present at greater proportions in the regions of central
Italy; in the south, at a territorial level, interactions with
territorial cardiology prevailed rather than with general
medicine.

Table . Facilities in which medical teleconsultation was carried out at the national level and by geographical area.

Total (n=93), n (%)South and islands (n=13), n
(%)

Center (n=28), n (%)North (n=52), n (%)Type of structure

13 (14)1 (8)5 (18)7 (14)National hospitals or referral
centers for pathology

46 (50)6 (46)13 (46)27 (52)Regional hospitals

15 (16)6 (46)2 (7)7 (14)Territorial cardiology clinics

5 (5)0 (0)1 (4)4 (8)Specialist noncardiological
territorial

35 (38)3 (23)5 (18)27 (52)General practitioners or free
choice pediatricians

9 (10)3 (23)1 (4)5 (10)Private or private/contracted
facilities

33 (36)9 (69)15 (54)9 (17)OUsa of the same hospital

aOU: operative unit.

Hub centers accounted for 30% (28/93), spoke centers accounted
for 40% (37/93), and the remaining worked as both hub and
spoke centers (details by geographical area are shown in Table
S4 in Multimedia Appendix 2).

The health professionals’ teleconsultation service was primarily
conducted by nurses, followed by cardiocirculatory
pathophysiology technicians and, at lower percentages, doctors,
physiotherapists, and bioengineers. Details can be found in
Table 7.
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Table . Staff providing health professionals’ teleconsultation services at the national level and by geographical area.

Total (n=64), n (%)South and islands (n=12), n
(%)

Center (n=21), n (%)North (n=31), n (%)Professional role

4 (6)2 (17)2 (10)0 (0)Bioengineers

2 (3)2 (17)0 (0)0 (0)Cardiologists

2 (3)1 (8)0 (0)1 (3)Physiotherapists

46 (72)7 (58)13 (62)26 (84)Nurses

11 (17)3 (25)4 (19)4 (13)Doctors

1 (2)0 (0)0 (0)1 (3)Doctors-radiology techni-
cians

16 (25)2 (17)6 (29)8 (26)Cardiocirculatory pathophys-
iology technicians

Telemonitoring was primarily managed by doctors and, to a
lesser extent, by nurses and cardiocirculatory pathophysiology
technicians (Table S3 in Multimedia Appendix 2). In particular,
nursing staff performed more telemonitoring services in the
north than in the center and south; cardiocirculatory
pathophysiology technicians were more involved in the north
and center, less in the south (19%, 4/21).

Governance, Safety, and Accessibility
Only 46% (91/198) of the centers were subjected to
reimbursement. The reimbursement mainly concerned televisits
and remote control (ie, remote control of the CIED) and, to a
lesser extent, telemonitoring, teleconsultations, and other
services (Table 8).

Table . Presence of reimbursement for telemedicine services and service types at the national level and by geographical area.

Total (n=198), n (%)South and islands (n=44), n
(%)

Center (n=53), n (%)North (n=101), n (%)Reimbursement characteris-
tics

Charges

91 (46)8 (18.2)27 (50.9)56 (55.4)Yes

107 (54)36 (81.8)26 (49.1)45 (44.6)No

Services subject to charges

1 (1.1)1 (12.5)0 (0)0 (0)Renewal of treatment plans

7 (7.7)0 (0)2 (7.4)5 (10.9)Health professionals’ tele-
consultations

12 (13.2)0 (0)4 (57.1)8 (14.3)Medical teleconsultations

47 (51.6)5 (62.5)10 (37)32 (57.1)Remote control (CIEDa)

20 (22)2 (25)2 (7.4)16 (28.6)Telemonitoring

4 (4.4)0 (0)0 (0)4 (7.1)Telerehabilitation

59 (64.8)5 (62.5)23 (85.2)31 (55.3)Televisits

2 (2.2)0 (0)1 (3.7)1 (1.8)I don’t know

aCIED: cardiac implantable electronic device.

Considering the facilities that provided telemedicine services,
in 51% of cases (101/198), company deliberations, specific
procedures, operational protocols, or informed consent are used.
In 43% of the cases (86/198), the structure did not prepare any

of the aforementioned documents for the personnel addresses
(Table 9). For more detailed information on the type of
documents adopted, please consult Table S4 in Multimedia
Appendix 2.
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Table . In the facilities using telemedicine, presence of deliberations, procedures, protocols, or informed consent at the national level and by geographical
area.

Total (n=198), n (%)South and islands (n=44), n
(%)

Center (n=53), n (%)North (n=101), n (%)Presence of the documents

101 (51)17 (38.6)26 (49.1)57 (57.4)Yes

86 (43.4)24 (54.6)22 (41.5)40 (39.6)No

7 (3.6)0 (0)5 (9.4)2 (2)I don’t know

4 (2)3 (6.8)0 (0)1 (1)Other

From a technological point of view, 52% (103/198) of the
centers used devices (47/101, 46.5% in the north; 27/53, 51%
in the center; and 28/44, 64% in the south), including medical
devices in 86% (89/198; 88/101, 87.1% in the north; 47/53,

89% in the center; and 36/44, 82% in the south) of centers.
Table 10 shows the device types used; for further details on
device types, refer to Table S5 in Multimedia Appendix 2.

Table . Devices used in telemedicine facilities nationally and by geographical area.

Total (n=198), n (%)South and islands (n=44), n
(%)

Center (n=53), n (%)North (n=101), n (%)Device

56 (28.3)13 (29.5)15 (28.3)28 (27.7)Implantable devicea

138 (69.7)44 (100)35 (66)59 (58.4)Device for monitoring basic

clinical parametersb

48 (24.2)18 (41)12 (22.6)18 (17.8)ECGc

2 (1)1 (2.3)1 (1.9)0 (0)Ultrasound

1 (0.5)0 (0)1 (1.9)0 (0)Event recorder

4 (2.0)0 (0)1 (1.9)3 (2.3)Spirometer

1 (0.5)0 (0)0 (0)1 (1.0)Other

aHemodynamic monitoring devices, loop recorder, pacemaker also biventricular, and defibrillators also biventricular.
bPhysical activity, sleep, weight, heart rate, blood pressure, glycemia, body composition and hydration status of the body, pulse oximetry, temperature,
and respirator frequency.
cECG: electrocardiogram.

An interesting aspect concerned the health care workers’access
to telemedicine services. Only 56 of the 198 respondents
(28.3%) had a telemedicine center with dedicated staff (33/101,
32.7% in the north; 13/53, 24% in the center; and 10/44, 23%
in the south) in the facility. The facility or OU provided training
for health personnel to start telemedicine services in 56% of

cases (111/198; 64/101, 63.4% in the north; 24/53, 45% in the
center; and 24/44, 54% in the south). Only 39 of the 198
facilities (19.7%) were able to collect data.

Volume and Patient Centrality
The number of patients treated by most facilities ranged from
100 to 500 annually; details are given in Table 11.

Table . Patients followed yearly through telemedicine at the national level and by geographical area.

Total (n=198), n (%)South and islands (n=44), n
(%)

Center (n=53), n (%)North (n=101), n (%)Number of patients treated
using telemedicine

37 (18.7)11 (25)13 (24.6)13 (12.9)0‐100

124 (62.6)29 (65.9)33 (62.2)62 (61.4)101‐500

37 (18.7)4 (9.1)7 (13.2)26 (25.7)>500

The majority of facilities reported adequate information services
provided to patients, and communication was mostly
personalized at the start of the patients’ treatment (83/198,
41.9%); information services included informative brochures,

face-to-face meetings, or digital material. In 25.3% of cases
(50/198), none of these instruments were provided. The detail,
at the national level and by geographical area, is shown in Table
12.
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Table . Information tools for patients and their caregivers on telemedicine services and the use of necessary technology at the national level and by
geographical area.

Total (n=198), n (%)South and islands (n=44), n
(%)

Center (n=53), n (%)North (n=101), n (%)Information tools

83 (41.9)9 (20.6)23 (44.1)52 (51.7)In customized form at the
beginning of the treatment
pathway

37 (18.7)6 (12.7)9 (16.2)24 (23.3)Informative brochures

15 (7.6)3 (6.3)2 (1.9)11 (10.8)Events in attendance

5 (2.5)0 (0)2 (1.9)3 (3.3)Digital material on the web-
site

50 (25.3)17 (38.1)13 (23.5)20 (19.8)None of these

In only 20.2% (40/198) of the cases, a patient satisfaction
assessment was carried out through questionnaires (27/40, 68%)
or interviews (13/40, 32%).

Obstacles to Service Development and Implementation
The obstacles to the development of telemedicine are reported
in Table 13. The most reported problems were a lack of

dedicated personnel, organizational complexity, and a lack of
technological endowments available in the structure. Regulatory
problems relating to the lack of clear and simple rules for all
and technological barriers, such as poor connectivity and poor
digital information of staff, were also present. Data about
obstacles were similar between facilities not providing
telemedicine services and those providing them.
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Table . Obstacles encountered in the adoption of telemedicine services at the national level and by geographical area.

Use of telemedicineGeographical areaObstacles encountered

Yes (n=198), n (%)No (n=53), n (%)South and islands
(n=44), n (%)

Center (n=53), n (%)North (n=101), n (%)

10 (5)1 (1.8)2 (3.2)4 (5.9)5 (4.2)No obstacles

51 (25.7)7 (13.2)17 (27.0)15 (22.1)26 (21.7)Lack of legislation

112 (56.6)23 (43.4)35 (55.6)37 (54.4)63 (52.5)Complexity in organiza-
tional terms

27 (13.6)2 (3.8)9 (14.3)5 (7.4)15 (12.5)Complexity in the appli-

cation of GDPRa

21 (10.6)7 (13.2)8 (12.7)4 (5.9)16 (13.3)Complexity in the appli-
cation of specific legis-
lation

14 (7.1)2 (3.8)6 (9.5)3 (4.4)7 (5.8)Mistrust and lack of
confidence in
telemedicine

54 (27.3)6 (11.3)17 (27)17 (25)26 (21.7)Data fragmentation and
noninteroperability of
systems

79 (39.9)23 (43.4)24 (38.1)34 (50)44 (36.7)Lack of technological
equipment in the struc-
ture

55 (27.8)8 (15.1)18 (28.6)17 (25)28 (23.3)Lack of adequate infras-
tructure and Internet
connectivity

119 (60.1)30 (56.6)47 (74.6)38 (55.9)64 (53.3)Lack of dedicated staff

31 (15.6)8 (15.1)11 (17.5)7 (10.3)21 (17.5)Cost in economic terms

31 (15.6)5 (9.4)11 (17.5)6 (8.8)19 (15.8)Internal procedures in-
appropriate to the
theme

29 (14.6)5 (9.4)10 (15.9)12 (17.6)12 (10)Poor digital training of
the staff

15 (7.6)4 (7.5)6 (9.5)7 (10.3)6 (5)Lack of staff willing-
ness or cooperation

aGDPR: General Data Protection Regulation.

The obstacles to the development of telemedicine encountered
by patients included a lack of familiarity with technology,
followed by difficulty with using software and devices, lack of

information, and poor home internet connection. Distrust toward
these new services concerned only 35 of the 198 centers
(17.7%). Details are shown in Figures 1 and 2.
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Figure 1. Obstacles to the adoption of telemedicine tools by patients at the national level.
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Figure 2. Barriers to patient uptake of telemedicine tools by geographical breakdown: north, center, and south and islands.

Discussion

Principal Findings
The response rate was in line with other published surveys,
although not very high, and almost 80% of the centers reported
telemedicine services in cardiology, most frequently

telemonitoring, telereferrals, and medical teleconsultations.
Heart failure was the disease for which these services were most
frequently used. The possibility of reimbursement was present
in less than one-half the cases; being guided by deliberations
or operational protocols emerged as the situation for one-half
the cases. The devices used in most facilities were medical
devices, but health staff was rarely dedicated to these activities,
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trained in just over 55% of these activities. In addition, only
20% of staff had the ability to collect data. In only one-quarter
of cases, patients and caregivers were not adequately informed.

The major reported concerns included a lack of dedicated staff,
organizational complexity, and a lack of technological
endowments available in the structure. For patients, the
following were concerns: a lack of familiarity with technology,
difficulties using software and devices, a lack of information,
and a poor home internet connection.

These survey results warrant several considerations. The first
concerns the response rate (56.7%), which, although not optimal,
allowed the information of interest to be obtained from a
considerable number of centers. Connection, cooperation, and
dialogue between institutional organizations, which monitor
and carry out research, and operational structures remain
fundamental aspects to understand the critical points and solve
them to build paths adapted to real-world needs and achieve
results.

The most widespread telemedicine services and diseases treated
through these tools would suggest that telemedicine could
provide better home care, especially for chronic cases. This
would allow early control of signs of instability or poor
adherence to therapy, facilitating interception at the initial stages
of clinical deterioration and a possible timely change in
therapeutic strategy when the patient is still asymptomatic,
before the onset of the acute event. However, the data on the
effectiveness and impact of such interventions available in the
literature are still controversial.

A systematic review conducted in 2022 analyzed 72 studies
with more than 127,000 participants, showing that remote
monitoring and consultations for patients with heart failure were
associated with a reduced risk of cardiovascular mortality and
hospitalization [14]. However, a review conducted in 2021
concluded that the pooled effect estimate of telemedicine
interventions on all‐cause hospitalizations and all‐cause
deaths in patients with recently decompensated heart failure
and without implanted devices was neutral [15]. Similarly,
another systematic review in the same year demonstrated that
most telemonitoring programs do not show clear effects on
health care utilization measures, except for an increase in
nonemergency outpatient department visits [16].

Furthermore, there is a clear demand for greater professional
interaction, which could accelerate the diagnostic and
therapeutic process. Articles on teleconsultations published in
the last 10 years show that there are positive impacts of
teleconsultation such as improving patient management, but
there are still gaps that need to be addressed [17].

There are still significant unresolved issues that limit the spread
of telemedicine services, not only in the cardiology field but
also regarding the reimbursement of telemedicine services, for
example. At the international level, a qualitative study in the
United States established that staff perceive current telehealth
reimbursement policies as a factor that exacerbates inequities
to accessing care. These findings indicate that, although
telehealth brings new opportunities to advance patient-centered
care, there are serious challenges on the path toward equitable

care because telehealth is not yet integrated into the payment
system in a sustainable way, and this is a factor exacerbating
the lack of staff [18]. In Europe, a paper published in April 2025
[19] presented a comparative analysis of remote patient
monitoring in 7 European countries (France, Germany, Italy,
the Netherlands, Poland, Spain, and the United Kingdom):
Germany introduced specific reimbursement codes for remote
monitoring of patients with heart failure as early as 2020; the
Netherlands has a relatively more advanced and flexible refund
system, with dedicated codes for different digital performances;
and in the United Kingdom, reimbursement is relatively more
developed, especially in regions with more advanced health
systems. In France, reimbursement for remote monitoring is
still very limited and partial; in Poland, it is very limited; and
in Spain, it is still poorly structured and often supported by pilot
projects or temporary funds. Finally, as shown, in Italy,
reimbursement is fragmented at the regional level, with some
regions further ahead and others still in the embryonic stage.
The inadequacy of traditional reimbursement models and the
need for sustainable, evidence-based methods are highlighted
as necessary for real digital transformation, as well as to obtain
dedicated staff, which represents a major obstacle to
development [20].

Additional obstacles are the resulting organizational complexity,
also linked to the lack of appropriate organizational models
supported by the presence of procedures and operational
protocols that address and protect health personnel and patients
[19]. Last but not least, the lack of adequate technological
equipment remains a critical issue.

The centrality of the patient is a fundamental aspect. The data
collected suggest that properly informing patients about these
new services and methodologies is a need. This is fundamental
to achieving good therapeutic adherence, increasing patient
empowerment and engagement, and helping the patient and
caregiver understand how much it can improve quality of life
and therefore increase therapeutic continuity and avoid possible
related risks [21-23]. Despite some geographical variability,
the relatively low percentage of mistrust toward these new
services (19% nationally, 14% in the north, 16% in the center,
and 27% in the south) suggests that much was invested in recent
times for patient centrality and providing information to patients
and caregivers, probably obtaining good outcomes. The results
show that 25% of patients are still not properly informed; it is
necessary to supplement these data with evidence that some of
the services provided (telereporting of ECGs, for example, or
certain instrumental examinations) do not require detailed
information to the patient on the functioning of the service itself.
Unfortunately, it was not possible to perform a subanalysis to
check in detail whether this percentage of “inadequate”
information was related to these services, since the question
relating to patient information was related to the telecardiology
service in general and, therefore, to all services. Apart from this
possible correlation, this lack of information provided to the
patient justifies the main obstacles identified: the low familiarity
with and difficulty using the essential technologies and the lack
of information on the services provided.
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Limitations
The survey had some limitations regarding planning and
dissemination. Since it was not possible to disseminate the
survey through regional health departments, we contacted the
facilities directly as described in the Methods section; thus,
there is the possibility that we failed to contact some structures.
In addition, considering the 11 questions that included a text
description field, 7 of them asked the respondents to specify
the cardiovascular diseases treated using telemedicine services.
Due to the variety and dispersion of responses, it was difficult
to elaborate answers to those questions; therefore, we decided
to limit the analysis only to major cardiovascular pathologies,
without providing further details. A final consideration concerns
the remote referral: This service was investigated only in relation
to instrumental examinations (eg, ECG, echocardiogram,
monitoring of heart rhythm and blood pressure) without
considering other services, televisits, and teleconsultation for
which telereferring is provided.

Additionally, we cannot exclude that facilities using
telemedicine services were more likely to participate in the
survey than those without a telemedicine service. Finally, as
this was a survey-based study, answers to some questions may
have been affected by inaccuracies due to self-report bias or
interpretation of the questions. Fortunately, the percentage of
this event was very low.

Conclusions
There are still organizational and clinical limitations in the
application of telemedicine in cardiology, one of the first fields
to use these services in real-life patient management;
telemedicine in cardiology is not yet an integral part of medical
practice. In fact, it appears that the spread of its use in Italy is
still limited because of some structural and organizational
barriers. Mainly, there is a lack of dedicated staff to manage
and implement telemedicine services; sometimes, there are no
clear rules and regulations on the uniform and safe adoption of
these technologies at the national level or information about
them. Finally, despite their wide availability, technologies are
usually not well integrated into care pathways. These results
confirm that the true challenge of telecardiology is the
integration of available technology with precise, concrete, and
simplified organizational models. As a tool, technology is
fundamental only if it is accessible and adequate, and it must
be integrated with new paths built according to the needs of the
territory, patients, and health personnel. Fundamental aspects
are reporting procedures and operating protocols to establish
who does what and how and the availability of dedicated,
adequately trained personnel who are able to inform patients
and caregivers.

Such research could, in the future, help the implementation of
a national plan for telemedicine services in cardiology and help
create a telemedicine network to support continuous
improvement of national and regional strategies.
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Abstract

Background: Remote care technology has been used to bridge the gap between health care in a clinical setting and in the
community, all the more essential post-COVID. Patients with chronic conditions may benefit from interventions that could provide
more continuous and frequent monitoring of their disease process and support self-management. A common barrier, however, is
the lack of engagement with technological interventions or devices that provide care remotely, which could lead to loss of resources
invested and reduced quality of care.

Objective: This discrete choice experiment elicits the preferences of patients with heart failure with regard to potential remote
care technologies that they would be willing to engage with and, in turn, creates a hierarchy of factors that can affect engagement
for use within future technology design.

Methods: A survey was created using discrete choice design and with input from a patient and public involvement group. It
was distributed online via social media to patients with heart failure and to patient support groups. The attributes used for the
experiment were based on a previous systematic review looking at factors that affect engagement in remote care and which
generated five central themes, each of which was assigned to an attribute directly: communication (increasing interaction between
patients and health care staff/carers/other patients), clinical care (improving the quality of care compared to established practice),
education (providing tailored information to help with self-care and reduce uncertainty), ease of use (the technical aspects of the
intervention are easy to handle without issues), and convenience (the intervention fits well around the patient’s lifestyle and
requires minimal effort). Each of the five themes had two levels, positive and negative. The survey presented participants with
multiple forced-choice two-alternative scenarios of remote care, which allowed them to trade attributes according to their
preference. The results were analyzed using binary logit to obtain preference weights for each attribute.

Results: A total of 93 completed responses were entered into the analysis. The results of the binary logit created coefficients
for each attribute, which equated to the relative preference of the associated themes: clinical care, 2.022; education, 1.252;
convenience, 1.245; ease of use, 1.155; communication, 1.040. All calculated coefficients were statistically significant (P<.01).

Conclusions: The results show that, in this cohort of patients with heart failure, the most preferred factor, clinical care, has
enough value to be traded for approximately any two other factors. It also shows that the factor of communication is the least
preferred attribute. Technology designers can use the associated preference weights to determine the relative increase of value
perceived by patients by adding in certain attributes, with the greatest gains achieved by prioritizing clinical care. This would
result in increased engagement in a chronic heart failure population that would benefit most from remote care.

(JMIR Cardio 2025;9:e68022)   doi:10.2196/68022

KEYWORDS

heart failure; telehealth; remote care; engagement; discrete choice; medical devices

Introduction

Heart failure is a chronic and progressive condition, which is
defined as the inability of the heart to pump sufficient blood to
meet the body’s oxygen demand. This is often caused by

structural cardiac conditions that reduce the efficiency of the
heart, for example, ischemic heart disease, because it weakens
cardiac muscle and reduces the pump’s effectiveness. Other
associated conditions can contribute to the disease severity,
such as diabetes mellitus and hypertension, which promote
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structural changes to the heart, or chronic obstructive pulmonary
disease, which reduces the blood’s oxygen-carrying capacity.
The result is a complex clinical syndrome that causes symptoms
of fatigue, shortness of breath, and peripheral edema. As this
usually occurs in an older patient cohort with an average age
of 76 years with multiple comorbidities, their clinical
management is complex and their health care needs are high.
They typically have reduced mobility, cognition, and mood and
face challenges in self-care and efficacy [1].

Remote care technologies can gather clinical data remotely,
which enables closer monitoring of patients who are at a high
risk of day-to-day clinical variation. These technologies provide
easier access to care and have the potential to empower patients
to improve self-management, enabling early identification and
resolution of severe health issues before they require hospital
admission. However, the drop-off rate for these devices is
extremely high in this older population. Lack of engagement
with the device may result in failure to achieve the anticipated
improvements in clinical outcomes and could lead to a
significant waste of time as well as research and development
costs. This not only burdens patients and their health care
providers but ultimately hinders the landscape of technology
adoption in chronic diseases, limiting their potential to enhance
patient care [2,3]. Therefore, when designing new remote care
interventions, it is essential to consider user engagement as the
driving force for the uptake and continued use of a remote care
device for disease management.

A systematic review of the perceived benefits and drawbacks
of remote care, from a clinician, patient, and carer viewpoint
[4], identified five common themes that can be used to describe
the experiences of users when engaging with remote care
technology: communication (increasing interaction between
patients and health care staff/carers/other patients), clinical care
(improving the quality of care compared to established practice),
education (providing tailored information to help with self-care
and reduce uncertainty), ease of use (the technical aspects of
the intervention are easy to handle without issues), and
convenience (the intervention fits well around the patient’s
lifestyle and requires minimal effort). While this research
concluded that each of the five themes was instrumental to

maintaining patient engagement, it did not provide any insight
as to which themes were prioritized most by patients. Therefore,
to facilitate application of this work in real-world technology
design, it is important to quantify the relative hierarchy of the
themes and identify which factors could lead to greater
engagement in a heart failure cohort.

Choice-based surveys can be used to understand the stated
preference of a population for health provision [5]. Here we
employ a discrete choice experiment (DCE) approach. In DCE,
variables of interest or attributes are traded against one another
in different scenarios to ascertain their relative importance [6].
These trade-offs provide information about patient
decision-making processes in terms of what attributes
participants are willing to compromise on in favor of others,
thus understanding their ranked preference. DCEs can be used
to simulate uptake or adoption of a new intervention or device
based on its characteristics. This can also inform how changes
in these attributes can affect user decisions under different
scenarios and different values or levels of each attribute to
determine to what extent changes should be made for optimal
uptake.

We designed a DCE questionnaire to gather primary opinions
from patients living with heart failure to elicit their preferences
for remote care as categorized by our five themes. The themes
capture user experience with minimal overlap and so are
amenable to being delineated in questionnaire form, which lends
itself well to a choice-based survey [7]. Using each theme as
an attribute in the DCE design enables us to quantify the relative
importance of each theme to patients with heart failure.

Methods

Overview
Since our themes were generated from grounded theory, their
titles may be interpreted in a variety of ways. We therefore
created clear descriptions for each attribute in relation to remote
care (see Table 1). For each attribute, we chose two levels,
positive and negative, corresponding to the level of attainment
of any given attribute, with neutral included as a negative level
[8,9].
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Table . Description of the main attributes and levels used to determine the questions (trials) in the discrete choice questionnaire.a

Level descriptionLevel

coding

DescriptionAttribute

Reduces or does not improve oppor-
tunities for contact and communica-
tion

0The ability of the technology to
create increased contact and follow
up between patients and others, in-
cluding health care staff, family,
carers, or other patients

Communication

The technology increases opportuni-
ties for contacts and communication

1

The technology makes no impact on
current clinical care

0The technology in some way affects
the current clinical care given to the
patient for their heart failure condi-
tion.

Clinical care

Improves clinical care from current
practice or provides more options
for medical management, including
providing information to make bet-
ter decisions on care

1

There is no improvement in knowl-
edge or ability to self-care

0The impact of the technology on
patients’ knowledge about their
health and self-care

Education

The technology provides details that
clarify and provide useful informa-
tion to the patient about their condi-
tion and aid in their self-care and
management

1

The technology is overly complex,
with little technical support and may
have a high rate of technical difficul-
ties and complications, or is difficult
to access for new users

0The intuitiveness and relative ease
that the technology can be intro-
duced and used by new users, includ-
ing technical difficulties and jargon

Ease of use

The technology is easy and intuitive
to use, requires relatively little sup-
port, or is easy to understand and
use by a wide audience

1

There is no difference in the amount
of time and effort required for self-
care actions, or the device creates
more work for the patient and re-
quires extra time to use, or it creates
increased worry or stress

0The measure of how much time and
effort is saved by the use of the
technology compared to normal
care. Also relates to the level of
comfort afforded by the technology
in the patient’s home.

Convenience

The device functions to save time,
such as automating processes or
providing relevant information at
the right time, and results in less
work for self-care actions or allows
the patient to be more comfortable
in their own home environment

1

aAttributes were taken from themes generated from a systematic thematic analysis of factors affecting user engagement with remote care technology
in a population of patients with heart failure [4].

Questionnaire Construction
Each question forced the participant to choose between two
hypothetical remote care technologies with opposing attribute
levels, that is, a positive level in an attribute in one choice means
that the alternative choice will have a negative level of that same
attribute. The forced choice design reduced the complexity of
adding an opt-out alternative to each question, which minimized
questionnaire fatigue [10].

The choice sets (the combination of levels of each attribute that
were grouped together per question) were assigned based on a
predetermined, orthogonal design algorithm [11]. For a discrete

choice questionnaire containing 5 attributes each with 2 levels,
this resulted in 32 profiles split across 16 questions. The order
of the questions was randomized to mask the pattern of the
choice sets. The attributes were listed in alphabetical order in
each question [12,13].

Sample Size
We used an established method for determining the minimum
sample size for conjoint analyses [14]:

N>500×ct×a
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Where N is the minimum sample size; c is the number of levels;
t is the number of questions; and a is the number of alternative
answers.

For a 16-question survey with 2 choices, the recommended
minimum response size is 32 participants. We took this as a
minimum and left the online survey open until the end of the
study window to capture as many responses as possible.

Criteria for Patient Participation
Patients who were aged 18 years or over and had a diagnosis
of chronic heart failure were included in the study. Exclusion
criteria included (a) diagnosis of acute heart failure without any
chronic component and (b) non-English speaking patients (the
questionnaire was only available in English).

Patient and Public Involvement
A patient participation group consisting of five patients with
heart failure and related conditions was formed to aid the outputs
of the research. These patients were recruited via a free access
public engagement event held at the University of Liverpool
on October 23, 2017. This event involved talks from cardiology
and technology experts to inform on upcoming heart failure
technology research and generate interest in public participation.
After the formation of the group, several informal discussions
and feedback sessions were conducted between February and
March 2018, where the group piloted the questionnaire and had
input into the patient information leaflet. Design changes were
made due to this feedback, including shortening the questions,
formatting for better readability, as well as expanding on the
patient information leaflet to provide more context for the study
(Multimedia Appendix 1 and Multimedia Appendix 2).
Furthermore, the patient group members helped to suggest places
where the survey could be distributed online to heart failure
care communities.

Ethical Considerations
As per HRA guidance [15], responses to online surveys imply
consent as long as participants are provided with sufficient
information to reach an informed decision. We worked with
our patient group to develop substantially descriptive participant
information for them to make an informed choice. This study
was approved by the Research Ethics Committee at the
University of Liverpool (ref: 3314). The survey was exported
online using a secure digital platform (SurveyMonkey), which
complies with EU Privacy Laws and General Data Protection
Regulations, and is registered under the Data Protection Act.
This online platform was used to create a web link, which was
the primary means of distributing the survey to participants. In
accordance with the principles of data minimization and purpose
limitation under General Data Protection Regulations, no
personal or demographic data were collected by the research
team; therefore, participants were not identifiable, nor was there
any direct contact between the research staff and participants.
No monetary compensation was offered to any participant for
completing the questionnaire. Raw and processed data were
stored securely on encrypted university intranet servers.

Survey Distribution
The link to the survey was distributed to national and
international heart failure patient groups, which were accessed
via social media and communications through heart failure
charities. A list of organizations approached for distribution can
be found in the supplementary information (Multimedia
Appendix 3). It is important to note that while the study was
conducted in the United Kingdom, the survey was distributed
worldwide, and so the respondents were not limited by
geographic location.

Analysis
Responses were analyzed using limited dependent-variable
models to determine preference weights of each attribute [16].
From this, we can infer which attributes participants are willing
to trade in favor of others. Our DCE is a forced-choice,
five-attribute, two-level, two-alternative questionnaire
(Multimedia Appendix 4). As both the choices and the levels
were binary, binary logit [16] was used to determine the
likelihood of the outcome. The logarithmic function ensures
the likelihood values are constrained between 0 and 1 [17].

The logit definition is as follows: [18]:

Logit(P)=log(odds)=log(P/(1−P))

As part of the regression, we assign logit(P) as a linear function
of any given attribute Xi, so that:

log P(1−P)=α+βXi=Ui

Where P=probability (of choosing this option); α=reference
value or constant; β=coefficient of attribute X; i=attribute
number; U=utility

The logit value is proportional to the odds of an attribute,
affecting the probability of choosing an alternative. Thus, these
values can be compared directly as preference weights for each
variable. The preference value for each attribute is known as
utility, which is the measure of importance of each attribute or
combination of attributes. In order to standardize for participant
heterogeneity, random effects were added to create a mixed
binary logit model [18,19].

The utility value of each combination of attribute level was
obtained by adding the constant coefficient of attribute X from
the logit model, with the coefficients of each positive attribute
present. The odds were obtained by exponentiating the utility.
To convert this to percentage uptake probability, that is, the
likelihood of choosing this remote care device as opposed to
the alternative, we divided the Odds by 1+Odds [20]. The dataset
was analyzed using RStudio version 1.0.136. These calculations
were also corroborated using STATA/MP 13.0.

Results

The survey was open for 133 days (June 3, 2018–October 14,
2018) and was initiated by 164 participants. The completion
rate was 57%, giving 94 completed responses. A limited trial
of the paper questionnaire was undertaken in local heart failure
clinics, but this generated only 1 completed response. To verify
accuracy and consistency of the extracted results, visual
inspection was undertaken to assess for discrepancies and
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anomalous data, and all survey attempts with missing or
incomplete responses were excluded. Response
nondifferentiation was identified, and two responses were
omitted due to nontrading (all responses from a participant were
either choice A or choice B). This left 93 valid responses.
(Multimedia Appendix 5)

We identified some positive attribute dominance in the responses
(respondent always chose the option with a positive level in a
single attribute) [21]: 10 participants had positive dominance
for clinical care, three for education, two for ease of use, and
one for communication. There were no cases of negative
attribute dominance. The main outputs of the mixed binary logit
are displayed in Table 2.

Table . Results from the binary logit analysis of the discrete choice questionnairea.

P valueCoefficient (95% CI)Attribute

<.001−3.357 (−3.654 to −3.060)Intercept

<.0012.022 (1.810 to 2.233)Clinical care

<.0011.252 (1.077 to 1.428)Education

<.0011.245 (1.053 to 1.436)Convenience

<.0011.155 (0.982 to 1.327)Ease of use

<.0011.040 (0.864 to 1.216)Communication

aThe coefficients for each attribute represent relative patient preference weighting for that attribute in isolation, relative to the intercept. Higher value
coefficients represent a proportional increase in preference by patients with heart failure.

Each coefficient was highly statistically significant, indicating
that there was a sufficient sample size and significant effect of
each attribute on patient choice. The goodness of fit was
evaluated using the pseudo R-squared of the logit model, which
showed a value of 0.1833. The attributes presented in the model
thus explain 18% of the variance in choice of each participant,
a typical result for a DCE of this size [22].

We calculated the utility value, odds ratio, and percentage
probability of choosing each combination of attribute levels
(Table 3). The utility represents the preference value for
choosing each alternative and can be compared for evaluating
complete choice sets (different combinations of attributes). This
contrasts with coefficient values for each attribute, calculated
from the logit model, which indicates preferences for individual
attributes (Textbox 1).
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Table . A comparison of all 32 possible combinations of attributes and levels that can be applied to a remote care intervention.

% uptake proba-
bility

OddsUtilityConvenienceEase of useEducationClinical careCommunication

96.6328.703.3611111

91.0210.142.3211110

90.059.052.2010111

89.218.272.1101111

89.138.202.1011011

79.173.801.3411101

76.173.201.1610110

74.492.921.0701110

74.352.901.0611010

72.262.610.9600111

72.112.590.9510011

70.262.360.8601011

57.321.340.2911100

54.501.200.1810101

52.261.090.0901101

52.071.090.0811001

47.930.92−0.0800110

47.740.91−0.0910010

45.500.83−0.1801010

42.680.74−0.2900011

29.740.42−0.8610100

27.890.39−0.9501100

27.740.38−0.9611000

25.650.35−1.0600101

25.510.34−1.0710001

23.830.31−1.1601001

20.830.26−1.3400010

10.870.12−2.1000100

10.790.12−2.1110000

9.950.11−2.2001000

8.980.10−2.3200001

3.370.03−3.3600000

aThe table compares each intervention's relative utility, odds ratio and percentage uptake probability values, which can each be considered as composite
preference weights of the combination of all attribute levels in a remote care intervention.
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Textbox 1. How to use the data for comparative analysis as a worked example.

The percentage uptake probabilities are derived from the calculated utility score and so are symmetrical, giving a probability of 50% to an intervention
with a utility score of 0. As such, they are not intended to be used in isolation but mainly as a means of calculating marginal differences in engagement
between two comparator intervention states.

To compare engagement between two different types of intervention, for example, with and without a certain attribute included, we can use Table 3
to calculate the marginal probability, which is the difference in percentage uptake probability between the two interventions. This can be done by
choosing the two rows that most correspond to each individual remote care device (based on present attributes) and then subtracting the percentage
uptake probabilities from each other to get the marginal probability.

For example, in a remote care intervention with no attributes present (row: 0/0/0/0/0), the percentage uptake probability is 3.37%. An intervention
that has the attribute of communication alone (row: 1/0/0/0/0) has the percentage uptake probability of 8.98%. Therefore, the marginal probability
gained by adding the communication attribute to the intervention which has no attributes is calculated as 8.98−3.37=+5.61%.

Alternately, to work out the marginal probability of adding clinical care instead, we look to the row which only includes the clinical care attribute
(row: 0/1/0/0/0) to see that its percentage uptake probability is 20.83%. We then subtract this from the percentage uptake probability of the intervention
with no attributes: 20.83–3.37=+17.46%.

The marginal probability figure can be regarded as the change in utility between comparator interventions and represents the amount of value added
in terms of engagement by altering the remote care intervention to meet specific additional attributes. At a glance, it can therefore be seen that the
value added from incorporating the clinical care attribute is much greater than adding the communication attribute to an intervention without either.

Taking the mean of marginal probabilities for adding the attribute to each permutation which excludes it gives another quantitative measure of patient
preference. We found the mean marginal probabilities per attribute to be as follows: communication=+18.04%, ease of use=+20.1%,
convenience=+21.8%, education=+21.9%, and clinical care=+37.6%. These values could also be interpreted as the average relative increase in patient
preference gained by adding this attribute to an intervention that lacks it. This is a useful measure for comparing the value of the attributes themselves
against each other; however, for a more detailed comparison of combinations of attributes (whole interventions), the marginal probability described
in the above calculation would be more suitable. For example, mean marginal probabilities suggest patients would be more likely to value adding
clinical care outcomes to an intervention (+37.6%) compared to adding communication to an intervention (+18.0%) on average. However, if the aim
is to compare an intervention with no attributes and one which has both clinical care and communication, the specific marginal probability between
these interventions can be calculated more precisely. Refer to the row that contains both clinical care and communication (row: 1/1/0/0/0) to see that
the percentage uptake probability for this intervention is 42.68%. Then calculate the difference between this and the percentage uptake probability of
the intervention with no attributes as in the examples above (row: 0/0/0/0/0). This gives a marginal probability of 42.68−3.37=+39.31%. Thus, the
specific marginal probabilities are ideal to be used when there is a fixed intervention state, or a starting point, such as a design or existing intervention
that is intended to be improved upon.

Discussion

Principal Findings
The analysis ranked the remote care attributes in the following
order of importance for patients with heart failure: (1) clinical
care; (2) education; (3) convenience; (4) ease of use; and (5)
communication. Based on the coefficients of the logit fit, clinical
care was almost twice as important as the lowest scoring
variable, communication. Remote care technology design should
therefore prioritize clinical care improvements first and
foremost. The attributes of education and convenience had
similar preference values, which were around 20% greater than
communication. Ease of use was 11% more important than
communication. This pattern of preference shows a
disproportionately high preponderance toward clinical care,
with the second, third, and fourth ranked attributes plateauing
at a similar level. Therefore, if a trade-off is required, any other
attribute may be sacrificed for the sake of preserving clinical
care, while still incentivizing patient engagement.

Comparison to Prior Work
A number of DCE and conjoint analyses have been published
regarding patient preferences for telecare since the COVID
pandemic [23-25]. However, there have been no other DCEs
evaluating engagement of remote care technologies in this
patient cohort of chronic heart failure. Therefore, the study
provides a valuable insight into the factors of remote care
devices that encourage engagement. In a post-COVID era,
remote care technologies have gained greater importance in

health care. Patients with heart failure are a vulnerable cohort
and so are more likely to be offered remote consultation.
Therefore, these preference rankings are all the more vital at
this time to help remote care become better established in
medical practice for those that need it most.

Strengths and Limitations

Methodological Design Advantages
Among the advantages of our experiment was that each possible
combination of levels and attributes was presented to the
participants, resulting in a full factorial design. This establishes
a more accurate statistical value for each preference as fewer
assumptions are made. By contrast, partial factorial designs
sacrifice comprehensiveness for brevity [26].

Another strength is that the attributes used were based on
evidence from a grounded theory qualitative systematic review,
specific to the subject [4]. This means that the outputs of the
review were tailored to this questionnaire design, resulting in
relevant attributes derived from high-quality evidence.

Questionnaire Considerations
Our study does have some limitations. First, the statistical model
assumes each participant will always choose the option that
maximizes their utility, which could lead to bias. We tried to
mitigate this by adding a random effect to model heterogeneity
of preference choices, even if they might be irrational (or of
less utility). This study, therefore, presents the preference values
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in terms of a probability of choosing each option, which means
the likelihood of a nonrational choice still exists.

Second, the DCE assumes that the participant is equally attentive
on question 1 as they are on question 16, and this may not
always be the case. The complexity of the questions coupled
with their repetitive nature may contribute to participant fatigue
when answering questions. We had the option of creating either
an 8-question design or a 16-question design. We opted for the
latter to obtain a greater statistical effect from each respondent.
In hindsight, this may have contributed to the high
non-completer rates [27].

Third, in many DCEs, the alternative choices are based on
existing interventions or ones that are ready to market. In this
study, we asked participants to imagine theoretical technologies.
This enables the outputs to be applied to a wide variety of
technology designs in the future. A disadvantage is the potential
for hypothetical bias, which can lead to a discrepancy between
patient stated preference and the actual (or revealed) preference
[28].

Fourth, related to this hypothetical scenario is the fact that an
opt-out option was not presented to participants. This
forced-choice design meant that they were not able to express
dissatisfaction with both alternatives at once. We recognize that
this is an artificial scenario, and in reality, participants may be
disinclined to engage with either option. However, the aim of
this study was to understand the ranking preferences of patient
behavior rather than whether they would engage in any specific
intervention. Thus, the design of the study was adapted to
maximize the depth of information, at the cost of using
hypothetical scenarios.

Finally, there was a lack of a third neutral level for each
attribute: either the attribute was present in the remote care
technology or it was not. This means that there was no neither
option for the participant to choose to indicate that a specific
attribute was unimportant in their decision-making. Furthermore,
the negative level was often used to effectively indicate two
different levels by specifying both an absence and negative
effect of the attribute within the meaning. Although we chose
to omit the neutral level from the questionnaire design, the
benefit of this is that it allows the analysis to be more
straightforward in terms of the binary logit analysis rather than
adopting a multinomial logit model, which requires more
assumptions [29]. Another benefit to the two-level system was
that the choice burden on the participants was minimized which
likely improved completion rates.

Generalizability
First, the effects of the recorded attributes are presented in
relation to one another, which means that the assessments of
value lack generalizability outside of the context of the
comparison versus each other in a heart failure cohort. It is
important, therefore, to realize that these results may not
translate to cohorts with other conditions, or even other chronic
diseases, and that the results do not have intrinsic value
independent from the attributes they are compared to here. A
mitigating factor is that the analysis relies on the foundation of
its supporting research to substantiate the list of tested attributes.

The supporting research is a thorough and in-depth look at lived
experiences within this cohort and seeks to be as comprehensive
as possible while capturing commonalities in themes that can
be of value in the assessment of technology in this chronic
condition [6].

Second, the online self-selection method may reduce the
generalizability of the study findings to other cohorts such as
in-person heart failure clinics. It was likely also completed by
those with greater digital access and skills. However, in a
post-COVID era, where patients are more likely to be familiar
with remote care, those lacking digital access and skills may be
in the minority. Our findings should nevertheless be interpreted
within the context of patients who are generally supportive of
new technologies [30].

Third, the methodology used in this study resulted in a lack of
demographic data collection. This may also deter from the
generalizability of findings. While the heart failure demographic
is generally well established, the self-selection and timing of
the questionnaire, as well as its online distribution route, have
the potential to skew the responses based on whether the
participant sample was seen to diverge from the average heart
failure demographic, for example, to those younger, with less
comorbidities, living in more affluent locations. Without the
demographic data to put these results into context, the
generalizability of the outputs when applied to a new cohort of
patients with heart failure may be affected. However, since the
attributes were built from a rigorous analysis of patient
experience data generated from a variety of patient
demographics and geographical locations, we posit that the
central themes continue to have relevance across a wide range
of patient populations.

Finally, the factor of cost, which is normally assessed in this
manner by means of adding an attribute that asks how much
the participant is willing to pay for certain factors, is missing.
The remote care intervention that participants were asked to
envision was hypothetical, and therefore there is no real-world
cost to incorporate in the assessment. The same can be said for
other real-world factors such as management, administration,
and access to the intervention. This may potentially lead to
inaccurate responses as the hypothetical scenarios may pose
unrealistic cost choices with reduced credibility effect, leading
to invalid willingness to pay estimates [31]. However, it is
worthwhile considering that cost implications and access
restrictions played a role in defining the attribute of ease of use
in the original thematic synthesis, as high cost and maintenance
requirements of the device contributed to poor accessibility of
the intervention and was seen to impact the ease of use for
patients [32].

Future Work
Improving this and similar surveys may require shifts in
methodologies to make it more generalizable, albeit with
additional feedback. In the first instance, while patient
participation was a key determinant in the design of the
methodology, additional value may have been obtained by
reaching out to technology designers and start-ups that create
devices within the space. Obtaining this kind of feedback would
enable tailoring of the outputs in such a way as to provide the
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most deliverable benefit in the context of future design by, for
instance, presenting realistic alternatives grounded in existing
technologies as opposed to theoretical ones.

To mitigate some of the limitations further, it may be also useful
to obtain demographic information and location of participants
so as to correctly contextualize the responses based on patient
profile, recognizing that different subpopulations may have
differences in preference.

Finally, in order to address noncompletion rates, the
questionnaire could be shortened in order to be less mentally
taxing, while also ensuring a process of gathering feedback from
participants as to reasons for noncompletion.

Conclusions
Our questionnaire used a DCE method to elicit preferences for
remote care technology from patients with heart failure from

around the world. Results of the analysis indicate that clinical
care was substantially more valued as a factor for engagement
with remote technology than the four other themes of education,
convenience, ease of use, and communication. Our findings
also allow approximations of increase in engagement by
sequentially adding in these individual factors to an existing
remote care device based on their preference values. This
hierarchy could provide useful insights for technology designers
to check the effectiveness of an intervention’s features in
engaging the end user and help develop a plan of improvement
for devices based on their missing attributes. Incorporating these
attributes appropriately will ultimately bring remote care
technology to these patients in a more effective and engaging
manner, to reduce the burden of morbidity from chronic heart
failure.
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Abstract

Background: Home blood pressure telemonitoring (HBPT) has been proposed to enhance adherence and optimize health care
delivery, yet its prerequisites for cost-effective implementation remain unclear.

Objective: This study aims to quantify the potential cost-effectiveness of HBPT and identify prerequisites for cost-effective
implementation of HBPT in comparison to standard hypertension management, using an early health economic analysis from a
societal perspective.

Methods: A decision-analytic Markov model with a lifetime horizon (30 years) and a willingness-to-pay threshold of €20,000
(€1=US $1.09) per quality-adjusted life year (QALY) was developed to assess the cost-effectiveness of HBPT compared to
standard of care (SOC). The HBPT intervention was based on an existing HBPT program applied by the Maasstad Hospital,
Rotterdam, the Netherlands. The model incorporated 12 health states: 7 blood pressure states, 1 cardiovascular (CV) event, 1
recurrent CV event, 1 postrecurrent CV event, 1 all-cause death, and 1 CV disease–related death. A hypothetical cohort of 1000
patients (average age 65.3 years) was modeled, and results were reported in costs, QALYs, and the incremental cost-effectiveness
ratio (ICER). The model assumed 3 in-person outpatient department (OPD) consultations in the SOC group and 1.5 in the HBPT
group. Extensive sensitivity analyses were performed to identify important variables for the cost-effective implementation of
HBPT.

Results: Following the base-case analysis, HBPT was not cost-effective with an ICER of €20,386 per QALY. Sensitivity
analyses indicated that reducing the number of in-person OPD consultations resulted in a more favorable ICER. Specifically,
reducing the number of in-person OPD consultations to 1.48 annually resulted in an ICER below the willingness-to-pay threshold.
Reducing the in-person OPD consultations to an average of 1.18 per year would make HBPT cost-saving. Scenario analyses
revealed that extending the duration of HBPT’s clinical effect to 2 or 3 years substantially improved the ICER. Additionally,
targeting HBPT toward patients aged 64 years or below further improved the ICER.

Conclusions: HBPT could result in cost-effective or cost-saving outcomes with only minor reductions in in-person OPD
consultations. These findings highlight the potential of HBPT to transform hypertension management by replacing traditional
hypertension management with more efficient care using remote patient monitoring.

(JMIR Cardio 2025;9:e64386)   doi:10.2196/64386

KEYWORDS

hypertension; blood pressure; telemonitoring; cost-effectiveness; economic evaluation; monitoring; health economics; cost;
cost-effective; management; cardiovascular disease; intervention; lifestyle; adherence; clinical trials

Introduction

Hypertension remains one of the most important risk factors
for cardiovascular diseases (CVDs) [1]. Despite lifestyle and
drug therapy interventions, a significant proportion of patients
with hypertension remains inadequately controlled, which is

mostly the result of poor medication adherence [2]. Home blood
pressure telemonitoring (HBPT) has been proposed to improve
adherence [2,3] by allowing patients to measure their blood
pressure at home while being remotely monitored by their health
care providers. Proactive monitoring in patients with off-target
blood pressures could improve overall blood pressure control
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through adjustment of medical treatments or by improving
adherence, in particular to drug therapy [4]. Besides its potential
to improve clinical outcomes, HBPT could optimize health care
delivery and resource use [5] by including patient-specific
measurement schedules and monitoring algorithms, designed
by the responsible health care providers. Automated alerts could
inform the clinician if the patient remains off-target, thereby
drawing the clinician’s attention to those patients who need it
the most. Furthermore, modern-day telemonitoring platforms
(eg, Luscii [6] and Patient Journey App [7]) do not solely
provide measuring and monitoring functionalities but also serve
as a platform for digital coaching and education on lifestyle
factors that can further improve clinical outcomes [3].

Recent clinical evidence on HBPT confirms positive effects on
blood pressure control [8], but widespread adoption of HBPT
is still limited in the Netherlands. One of the perceived barriers
to large-scale implementation is the lack of a clear
reimbursement structure, which is related to a lack of evidence
on the cost-effectiveness of this digital health intervention [9].
Clinical trials evaluating the effectiveness of HBPT often have
limited follow-up durations [8]. Consequently, they only
demonstrate short-term benefits on blood pressure control and
do not capture the potential long-term advantages, such as
reductions in cardiovascular (CV) events. Furthermore, available
evaluations of HBPT in patients with hypertension mainly focus
on the cost impact of HBPT, do not report on the impact of
HBPT on the quality of life of the patient [10,11], and are not
representative of the Dutch hospital setting [12]. Hence, there
is a need to quantify the long-term value of HBPT in terms of

costs and health outcomes while considering the limited data
availability on resource use and effectiveness.

In this study, we aim to quantify the potential of HBPT in terms
of cost-effectiveness with an early health economic analysis in
patients with hypertension. Additionally, we aim to identify
important prerequisites for cost-effective implementation of
HBPT.

Methods

Study Design
This early health economic evaluation is reported per the 2022
CHEERS (Consolidated Health Economic Evaluation Reporting
Standards) guidelines for reporting economic evaluations
(Checklist 1). Given the lack of long-term efficacy data of HBPT
[8] and the resulting uncertainty in the clinical evidence, the
current evaluation is considered an early health economic
evaluation, which is based on available literature [13]. A
decision-analytic Markov model (see Figure 1) with a lifetime
(30 years) horizon and a willingness-to-pay (WTP) threshold
of €20,000 (€1=USD $1.09) per quality-adjusted life year
(QALY) [14], to assess the cost-effectiveness of HBPT in
combination with drug therapy for patients with hypertension.
A societal perspective was applied (eg, including direct medical
costs and nonmedical costs) according to the Dutch guideline
for conducting health economic research [15]. All costs were
inflated using Dutch inflation rates to reflect the costs in 2024
euro [16]. The model was developed in R statistical software
version 4.4.1 [17].
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Figure 1. Markov model including 12 different health states. *Risk of all-cause death and cardiovascular disease–related death were blood pressure
independent.

Model Overview

Structure
The model included a hypothetical population of 1000 patients
with an average age of 65.3 years and consisted of 12 health
states: <120, 120‐129, 130‐139, 140‐149, 150‐159,
160‐169, ≥170 mm Hg, CV event, recurrent event,
postrecurrent event, all-cause death, and CVD-related death.
The initial distribution and demographics (Multimedia Appendix
1 [8,18-23]) of patients over the systolic blood pressure states
were based on the Blood Pressure Lowering Treatment Trialists’
Collaboration study [18], reflecting a real-world distribution of
patients with hypertension and no history of CVD. Patients
could transition from higher blood-pressure states to lower
blood-pressure states on an annual basis, based on drug therapy,
until the patients were on target (120‐129 mm Hg). A reverse
transition was not possible. Each year, patients could experience
a CV event, after which the patients returned to the pre-event
blood-pressure health state, as no direct blood pressure lowering

effect due to the CV event was expected. A CV event was a
composite event consisting of either a myocardial infarction
(MI), a cerebral hemorrhage, or an ischemic cerebrovascular
event, and the event risk was blood pressure dependent [19].
Patients could experience a recurrent event after which they
progressed into the postrecurrent event health state. The risks
of all-cause death and CVD-related death were assumed to be
blood pressure independent.

Standard of Care
Standard of care (SOC) was based on the current practice of
hypertension management in the Netherlands. The care provided
via the hospital outpatient department (OPD) was based on the
latest European Society of Hypertension guidelines on the
management of arterial hypertension [24]. In the model, patients
in the SOC group would be managed with drug therapy and
lifestyle interventions. Patients would on average have 3
in-person OPD consultations in the hospital with their clinician
during each 1-year cycle, based on the standard
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diagnosis-treatment combination for patients with hypertension
in the Netherlands [25].

Intervention
Patients in the HBPT group were similarly managed in terms
of drug treatment compared to the SOC group. The HBPT
intervention was based on the HBPT program developed by the
Maasstad Hospital in Rotterdam, the Netherlands, and adopted
and studied throughout the region [26]. In this program, which
is conducted in a hospital setting, patients measured their blood
pressure during a complete week with 2 measurements in the
morning and 2 in the evening. Measurement weeks were
scheduled depending on the level of blood pressure control (eg,
weekly in case of very uncontrolled blood pressure [>180/110
mm Hg] and monthly in case of controlled blood pressure
[<140/90 mm Hg]), but on average occurred once every month.
The monitoring platform used was the Luscii [6] application,
which is the most widely used platform in the Netherlands for
remote patient monitoring. The most frequently used patient
monitoring setup in the Netherlands includes a “hospital-based
telemonitoring center” with specialized e-nurses. Blood pressure
data are automatically synchronized via the monitoring platform
to a special health care provider dashboard, integrated into the
electronic health record. The e-nurses in the telemonitoring
center assess all the alarms generated by the monitoring platform
based on the blood pressure data and discuss these alarms with
clinicians if needed. A schematic overview of the HBPT
processing steps is included in Multimedia Appendix 2. The
clinicians supervising the e-nurses are internal medicine
specialists, residents, or nurse practitioners who would also be
involved in the SOC for patients with hypertension. They are
also responsible for remotely adjusting blood pressure
medication if needed.

Model Input Parameters

Probabilities and Efficacy Input
Multimedia Appendix 1 provides an overview of the baseline
blood pressure distribution, annual event probabilities, and
efficacy model inputs. Each systolic blood pressure state
corresponded to a risk of a CV event, which was based on a
large prospective real-world study [19]. The transition
probability from a higher blood pressure state to a lower blood
pressure state was based on a decrease of 5.1 mm Hg per year,
which corresponded to the clinical effect of pharmacological
therapy reported in the latest available meta-analysis [20] and
applied to both groups. Patients in the HBPT group had an
additional decrease of 12 mm Hg in systolic blood pressure in
the first year due to HBPT. This additional effect was based on
the latest available literature on the clinical effectiveness of
HBPT [8]. A notable proportion, 19.7% of the patients had
resistant hypertension resulting in the absence of blood pressure
reduction [21]. The probability of dying from a CV event
(CVD-related death) was based on the Blood Pressure Lowering
Treatment Trialists’ Collaboration study [18]. The probability
of all-cause mortality was based on the age-based population
mortality in the Netherlands [22] and was corrected for
CVD-related deaths [22]. The probability of suffering a recurrent
CV event was derived from a large study assessing the 10-year
risk of recurrent vascular events [23].

Utilities
The utilities of the model health states were derived from
published literature (Multimedia Appendix 3 [27-30]). The
baseline utility value was 0.96 for patients with hypertension
[27], which declined to 0.79 following an MI [28], 0.64
following a cerebral infarction [28], and 0.59 following an
intracranial hemorrhage [29]. The weighted average of these
event utilities was 0.67 and was used in the model as the
“postevent” utility for the year after the event occurred. The
conservative assumption was made that after 1 year of the event,
the utility would equal the baseline utility.

A recurrent intracerebral infarction or MI corresponded with a
utility of 0.74 and 0.62, respectively [30]. For a recurrent
intracranial hemorrhage, the utility value was considered equal
to the utility value of a first intracranial hemorrhage, which was
0.59 [29]. The weighted average utility of a recurrence was 0.64
and was used for the year the recurrent event occurred and the
subsequent years the patient was in the postrecurrent health
state [27].

Costs and Discounting Rates
Costs were divided into direct medical costs and nonmedical
costs (Multimedia Appendix 4 [16,25,31-42]). For the HBPT
group, direct medical costs consisted of a one-time out-of-pocket
purchase of a blood pressure device [31], costs for remote
monitoring [32], standard drug costs [33,43], additional drug
costs [44], and in-person OPD consultations. The remote
monitoring costs were based on an official Dutch tariff [32] for
patients who are part of a remote monitoring program. A hospital
can claim this tariff 3 times a year as a flat fee for a patient who
is remotely monitored to cover costs for the license of
telemonitoring software, salaries for the involved health care
workers, and development costs. In the SOC group, direct
medical costs only consisted of standard drug costs and costs
for the in-person OPD consultations. Direct medical costs for
a stroke (infarction and hemorrhage), MI, or CV-related death
were based on data available from the Dutch National Health
Care Institute and Ministry of Health, Welfare and Sport [34,35].
Total costs for each event were based on the overall reported
expenses divided by the weighted incidences of both stroke and
MI.

Nonmedical costs consisted of travel costs, parking costs, and
costs related to productivity losses in both the SOC and HBPT
groups. Productivity losses were based on work absence
resulting from the in-person OPD consultations (1 hour for each
visit) or due to an event (17.7 absent working days) and were
based on data from the Dutch National Healthcare Institute [36]
and the Trimbos Institute [37]. The costs of productivity losses
were based on the average labor participation [38], average
hourly wage [39], and average working week in the 65‐75
years age group corresponding with the average age of 65.3
years used in the current analysis (based on the Blood Pressure
Lowering Treatment Trialists’ Collaboration study [18]. Friction
costs following a death were calculated based on the friction
costs method [40].
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Discounting rates were 3% for the costs and 4% for the health
outcomes based on the Dutch Economic Evaluation guidelines
[15].

Outcomes
The outcome measures used to compare the 2 interventions in
this study were costs, QALYs, and incremental
cost-effectiveness ratios (ICERs) presented as cost per QALY
gained.

Univariate Sensitivity Analysis and Scenario Analysis
To assess the impact of uncertainty on the ICER, an extensive
sensitivity analysis was performed for the current early health
economic analysis.

A univariate sensitivity analysis was performed to quantify the
impact of parameter uncertainty on the ICER by varying all
individual parameters one by one with ±20% of the mean. For
utilities, the upper limit was restricted to a maximum of 1. In
addition to the univariate sensitivity analysis, three scenario
analyses were performed. (1) Since telemonitoring was expected
to result in a reduction in the number of OPD consultations, the
interdependency between these variables was assessed. The
ICER was calculated for a range of telemonitoring costs and a
range of frequencies of OPD consultations. (2) A scenario with
a prolonged clinical effect of HBPT (2 and 3 years compared
to 1 year in the base case) was modeled to assess the potential
effect on the ICER. (3) To assess the impact of age on the ICER,
the age at which remote patient monitoring is started was
modeled over a range of 30 to 75 years.

Assumptions
The following assumptions were made during model
development. (1) A proportion of 19.7% of patients with
hypertension was considered to have resistant hypertension
[21]. About half of these patients have so-called “apparent
resistant hypertension,” which is antihypertensive treatment
failure due to drug nonadherence. We assumed that the HBPT
intervention prevents nonadherence, resulting in only 9.85% of
the patients having resistant hypertension in the HBPT group.
(2) Patients receiving HBPT will have 50% fewer in-person
consultations with their clinician or specialist nurse, as the
remote patient monitoring partially replaces the need for
in-hospital blood pressure measurements and identifies on-target
patients who might not require a regular follow-up consultation.
It was assumed that the patients in the HBPT group would on
average have 1.5 in-person OPD consultations annually. (3)
Since most of the HBPT trials have follow-up durations of up
to 1 year, we assumed that HBPT would only cause an additional
blood pressure lowering effect (in addition to the effect of drug

therapy) in the first year (cycle 1). (4) HBPT prevents patients
from suffering from overtreatment (blood pressure <120 mm
Hg), which also results in an increased risk for CV events and
death. Therefore, in the SOC group, patients could transition to
the <120 mm Hg health state for a maximum of 1 year after
which they returned to the 120‐129 mm Hg health state. In
the HBPT group, it was assumed that patients could not
transition to the <120 mm Hg health state. (5) The second year
after a CV event, patients will return back to the baseline utility.

Ethical Considerations
No ethics approval was applied for this study as this study was
not conducted on newly generated real-world data from human
participants. Data for the probabilities, costs, and utilities were
derived from the available literature or from publicly available
government sources.

Results

Base Case
In the base case, the cost for the HBPT group was €20,463,881
and €19,196,847 in the SOC group, resulting in incremental
costs for HBPT of €1,267,034 compared to SOC. Additionally,
HBPT resulted in 13,401.19 QALYs compared to 13,339.04
QALYs in the SOC group, resulting in an incremental effect of
62.15 QALYs in favor of HBPT. The resulting ICER for the
base-case analysis was €20,386 per QALY. Based on the WTP
threshold of €20,000 per QALY [14], telemonitoring is not
considered cost-effective following the assumptions of the
base-case analysis. The additional costs of telemonitoring
outweigh the QALYs gained because of prevented first and
recurrent CV events.

Univariate Sensitivity Analysis
The results of the univariate sensitivity analysis indicate the
impact of parameter uncertainty on the ICER. Based on the
results in Figure 2, the uncertainty in the additional costs of
SOC resulting from in-person OPD consultations has the highest
impact on the ICER. In case the upper limit was selected for
the SOC costs (€1166.33), HBPT became cost-saving compared
to SOC. With the lower limit of the reimbursed costs for
telemonitoring (€403.20 instead of €504.00 in the base case),
HBPT also became cost-saving compared to SOC. In case the
number of consultations was reduced to 1.2 per year in the
HBPT group, the ICER dropped to €742 per QALY and HBPT
was considered cost-effective. In all other cases, the analysis
of parameter uncertainty resulted in an ICER between €11,641
per QALY and €39,758 per QALY.
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Figure 2. Tornado diagram of the results of the univariate sensitivity analysis (€1=US $1.09). BP: blood pressure; CV: cardiovascular; ICER: incremental
cost-effectiveness ratio; Prob: probability; QALY: quality-adjusted life year.

Scenario Analysis

Scenario 1: Variable Telemonitoring Costs and
Frequency of OPD Consultations
One important assumption of the current model is related to the
number of in-person consultations for patients in the HBPT
group. It was assumed that in the HBPT group, the number of

annual consultations dropped from 3 to 1.5 per year. A further
decrease in the number of consultations could result in a further
reduction of the ICER. Based on the results of scenario 1, HBPT
will become cost-effective (<€20,000 per QALY) with the
current reimbursement of €504 per year at 1.48 in-person OPD
consultations per year and will become cost-saving at 1.18
in-person OPD consultations per year (Figure 3).

Figure 3. ICER results (not cost-effective, cost-effective, and cost-saving) of scenario analysis calculated over a range of costs for HBPT per year and
a range of in-person consultations per year (€1=US $1.09). HBPT: home blood pressure telemonitoring; ICER: incremental cost-effectiveness ratio;
QALY: quality-adjusted life year.
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Scenario 2: Prolonged Clinical Effect of HBPT
The duration of the effect of HBPT comes with great uncertainty
and was assumed to last for only 1 year in the base-case analysis,
which could be considered conservative. Scenario 2 indicates
that the ICER will reach €11,154 per QALY in case the effect
of HBPT lasts for 2 years (a total blood pressure reduction of
24 mm Hg after 2 years) and further declines to €9204 per
QALY in case HBPT reduces the blood pressure with 12 mm

Hg for 3 years (a total blood pressure reduction of 36 mm Hg
after 3 years).

Scenario 3: Variable Starting Age HBPT
The results of scenario 3, in which the model was run over an
age range of 30 to 75 years (Figure 4), indicate that the younger
the patient’s age at the start of HBPT, the lower the ICER. If
HBPT is started at the age of 64 years or below, HBPT could
be considered a cost-effective intervention.

Figure 4. ICER per age at which HBPT is started (€1=US $1.09). HBPT: home blood pressure telemonitoring; ICER: incremental cost-effectiveness
ratio; QALY: quality-adjusted life year; WTP: willingness to pay.

Discussion

Principal Findings

Overview
To the best of our knowledge, this is the first study to provide
an early cost-effectiveness analysis of HBPT in patients with
hypertension without previous CV events. Based on the current
early cost-effectiveness model, which reflects a societal
perspective and includes both short- and long-term costs and
benefits, HBPT showed the potential to be cost-effective
following realistic reductions in SOC for patients with
hypertension. Specifically, a reduction in the number of OPD
consultations in the HBPT group will make HBPT cost-effective
or even cost-saving. These findings underscore the potential of
HBPT and with that the importance of genuine digital
transformation in health care, advocating for the substitution of
traditional OPD care with digital and remote care, rather than
providing digital care as an add-on to standard OPD care.
Additionally, we found that early (ie, younger age) and sustained
telemonitoring further improves the cost-effectiveness of HBPT.

Outcome-Based Health Care
Policy makers should make use of the fact that HBPT can be
cost-effective following a reduction in the number of OPD
consultations. The current reimbursement structure provided
by the Dutch Health Care Authority [32] does not include any
requirements in terms of reducing standard care and therefore
seems unsuitable in its current form. Outcome-based health care
contracts [45], characterized by performance fees linked to
predefined shared objectives between hospitals and insurance

companies, are ideally suited for HBPT to pursue genuine digital
transformation efforts. By setting a shared objective in terms
of physical care replacement with HBPT, a sustainable system
could be established that allows for efficient (with fewer
resources) and cost-effective care delivery along the lines of
value chain optimization and significant displacement effects.

The Current Business Model for HBPT
Hypothetically, HBPT should be able to realize short-term
benefits through greater efficiency with regard to care
organization and long-term benefits, resulting from a greater
level of blood pressure control, which translates into a reduction
in CV events and CV-related deaths. We found that short-term
benefits realized through a substantial reduction in OPD
consultations had a major impact on the ICER, but the impact
of long-term benefits appeared to be limited. The 1-year effect
of HBPT on the blood pressure of patients resulted in minor
between-group differences in CV events or CVD-related deaths.
Extending the effect of HBPT to 2 or 3 years substantially
reduced the ICER, but clinical evidence supporting this
assumption is lacking, as follow-up durations in clinical trials
are usually no longer than 12 months [8]. Therefore, short-term
benefits resulting from more efficient care delivery are expected
to become the major driver for a sustainable business model for
HBPT. The further upward potential of remote monitoring
comes with a multimorbidity perspective (eg, hypertension and
diabetes). Many patients have a variety of comorbidities and
multiple consultations with different specialists. If one remote
monitoring program reduces the number of consultations across
multiple medical specialties, remote monitoring is more likely
to result in cost savings.
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Alternative Models Available in the Literature
The only available comparable study [46] evaluates the
cost-effectiveness of HBPT in a poststroke population using a
Markov cohort simulation. The HBPT intervention was
cost-saving in the base case and cost-effective in the scenario
analyses with an ICER of US $1200-4700 per QALY. In contrast
to our study, the benefit in terms of blood pressure reduction
due to HBPT was modeled as a continuous effect (year after
year). Even though our scenario analyses with 2 and 3 years of
clinical benefits of HBPT resulted in HBPT being cost-effective,
the results of the previously described study [46] should be
considered as optimistic as evidence on a sustained (year after
year) effect is lacking. Other studies that reported a positive
effect of remote monitoring include heart failure monitoring
[47-49] or monitoring of patients with COVID-19 [50]. These
studies [46,47,50] highlight the importance of reducing
short-term care consumption to come to a favorable ICER. This
advocates for the substitution of traditional care with digital
and remote care, rather than providing digital care as an add-on
to standard care.

Limitations
The current early health economic analysis comes with
limitations that should be considered when interpreting the
results of this study. First, we did not consider any effects of
HBPT on diastolic blood pressure, which could have resulted
in potential CVD risk reduction. However, since most of the
hypertensive population has systolic or both systolic and
diastolic hypertension, the impact of this simplification is
expected to be limited.

Second, baseline blood pressure distribution and CVD-related
death were derived from one study, which could impact the
generalizability of the results [19]. However, given the large
number of patients included in the study (n=96,268) and the
follow-up period of 10 years, the study was considered highly
valuable for the current early health economic analysis.
Gathering country-specific data on the baseline blood pressure

distribution and CVD-related death will become important when
the current model is applied to inform reimbursement decisions.

Third, as many patients with hypertension often have other
relevant comorbidities, reducing the number of in-person visits
during the HBPT program might negatively impact the provided
care and cost-effectiveness for other relevant diseases, which
would normally be addressed during the same consultation. It
appears to be more likely, however, that future remote patient
monitoring programs will encompass multiple conditions (eg,
hypertension and diabetes) and thereby overcome this potential
disadvantage.

Fourth, the model does not allow patients to move to higher
systolic blood pressure states, which could result in an
overestimation of long-term blood pressure regulation. This
limitation was partially overcome by classifying part of the
population as apparently resistant, implying their blood pressure
did not decrease. Furthermore, any potential overestimation
would affect both the SOC and HBPT groups, thus largely
neutralizing the impact on comparative results.

Future research should focus on reducing uncertainty on key
input parameters, which include the duration of the effect and
the number of OPD consultations per year needed in addition
to HBPT. Additionally, future research should focus on the
effect of scale in terms of the number of patients included in
the HBPT program as an additional prerequisite for sustainable
implementation, as the one-time investment costs are substantial
when starting with HBPT. Moreover, this model should be
validated with real-world data, specifically from a Dutch
randomized trial. Finally, future research should consider the
cost-effectiveness across different care settings, as a significant
portion of patients with hypertension are treated by general
practitioners.

Conclusion
Based on the current early health economic analysis, we found
HBPT to be cost-effective, provided it will result in a genuine
digital transformation in health care and thereby substantially
reduce the number of standard OPD consultations.
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Abstract

Background: The insertable cardiac monitor (ICM) clinical pathway in Tampere Heart Hospital, Finland, did not correspond
to the diagnostic needs of the population. There has been growing evidence of delegating the insertion from cardiologists to
specially trained nurses and outsourcing the remote follow-up. However, it is unclear if the change in the clinical pathway is safe
and improves efficiency.

Objective: We aim to describe and assess the efficiency of the change in the ICM clinical pathway.

Methods: Pathway improvements included initiating nurse-performed insertions, relocating the procedure from the catheterization
laboratory to a procedure room, and outsourcing part of the remote follow-up to manage ICM workload. Data were collected
from electronic health records of all patients who received an ICM in the Tampere Heart Hospital in 2018 and 2020. Follow-up
time was 36 months after insertion.

Results: The number of inserted ICMs doubled from 74 in 2018 to 159 in 2020. In 2018, cardiologists completed all insertions,
while in 2020, a total of 70.4% (n=112) were completed by nurses. The waiting time from referral to procedure was significantly
shorter in 2020 (mean 36, SD 27.7 days) compared with 2018 (mean 49, SD 37.3 days; P=.02). The scheduled ICM procedure
time decreased from 60 minutes in 2018 to 45 minutes in 2020. Insertions performed in the catheterization laboratory decreased
significantly (n=14, 18.9% in 2018 and n=3, 1.9% in 2020; P=<.001). Patients receiving an ICM after syncope increased from
71 to 94 patients. Stroke and transient ischemic attack as an indication increased substantially from 2018 to 2020 (2 and 62
patients, respectively). In 2018, nurses analyzed all remote transmissions. In 2020, the external monitoring service escalated only
11.2% (204/1817) of the transmissions to the clinic for revision. This saved 296 hours of nursing time in 2020. Having nurses
insert ICMs in 2020 saved 48 hours of physicians’ time and the shorter scheduling for the procedure saved an additional 40 hours
of nursing time compared with the process in 2018. Additionally, the catheterization laboratory was released for other procedures
(27 h/y). The complication rate did not change significantly (n=2, 2.7% in 2018 and n=5, 3.1% in 2020; P=.85). The 36-month
diagnostic yield for syncope remained high in 2018 and 2020 (n=32, 45.1% and n=36, 38.3%; P=.38). The diagnostic yield for
patients who had stroke with a procedure in 2020 was 43.5% (n=27).

Conclusions: The efficiency of the clinical pathway for patients eligible for an ICM insertation can be increased significantly
by shifting to nurse-led insertions in procedure rooms and to the use of an external monitoring and triaging service.

(JMIR Cardio 2025;9:e67774)   doi:10.2196/67774

KEYWORDS
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Introduction

Background
Insertable cardiac monitors (ICMs) are indicated for long-term
monitoring of heart rhythms, primarily for the indications of
unexplained syncope and cryptogenic stroke (CS) or transient
ischemic attack (TIA) [1-4]. For patients monitored with an

ICM, a remote monitoring system transfers ICM data daily to
the hospital staff for analysis. The 2023 European Heart Rhythm
Association–Heart Rhythm Society expert consensus on remote
monitoring recommends remote monitoring as standard of care
for ICMs [5]. However, remote monitoring can create a
significant data burden [6], which can be challenging in the
current context of clinical staff shortage and disparities between
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different populations for access to services [7]. Recent studies
have indicated that the in-office time to follow-up an ICM
patient took approximately 39.9 minutes of staff time, while
remote follow-up required only 11.3 minutes [8]. In addition,
in studies regarding nurse-led ICM service, it has been
confirmed that in an outpatient setting, ICM service by specially
trained nurses can lead to significant savings without
compromising the safety of the procedure [6].

Workforce challenges are well-known across countries.
Therefore, the 2023 European Heart Rhythm Association–Heart
Rhythm Society consensus statement recommends the effective
management of remote monitoring clinics to focus on adequate
staffing with clear roles and responsibilities, on-going staff
education, and efficient high-priority alert systems [5]. Nurse-led
services play a particularly important role for efficient ICM
services, as international case studies show that nurses can
conduct both ICM insertions and remote follow-up effectively
and safely [9].

Additionally, the use of third-party resources can be an
opportunity to efficiently manage remote monitoring of ICM
patients and a solution for dealing with increased device clinic
volume [8,10]. ICMs are prone to produce a heavy workload
for the remote monitoring clinic (25% of all transmissions, 10
times more frequent than for a pacemaker) [11].

In Finland, health services are challenged due to the shortage
of trained health care professionals and resources. For example,
Finland has fewer cardiologists than the average for the member
countries of the European Society of Cardiology (ESC; Finland
50.5 per million people vs ESC countries 85.1 per million
people) [7]. Finland also faces a growing need for nurses in
Finland [12]. The Finnish government has launched the “Good
Work Program” to ensure the sufficiency and availability of
personnel in health care, social welfare, and rescue services.
The program aims to increase the attractiveness of working
within the social and health care sector by developing the
structures and clarifying the tasks between the personnel [13].

At the Finnish Tampere Heart Hospital, both insufficient staff
resources and a growing number of patients in need of ICM
monitoring led to the restructuring of the clinical patient
pathway. The changes centered around training nurses to
perform ICM insertions, the inclusion of the neurology
department in patient pathways, moving the remaining ICM
procedures out of the catheter laboratory, and the use of
third-party triaging services.

However, the impact of these changes from the perspective of
efficient resource management and quality of care is unknown.
Thus, we conducted an analysis of the changes in clinical
pathways at the Tampere Heart Hospital, assessing the impact
on patient pathway efficiencies and the quality of care.

Analyzing the ICM Pathway in 2018
In 2018, the Tampere Heart Hospital analyzed the prevailing
ICM clinical pathway, and the way tasks were divided between
professionals in each phase. The 2018 patient pathway was
characterized by cardiology-centric decision-making for ICM
insertions. Only a few patients who had CS were referred to the
cardiology department even though the neurologist could make
a referral to atrial fibrillation (AF) monitoring therapy for
secondary prevention of CS and TIA. At the time, the ESC
guidelines for AF management from 2016 were valid [3].
Unexplained patients who had syncope were referred by a
general practitioner or the emergency department doctor to a
cardiology clinic, where a cardiologist assessed whether these
patients required an ICM based on the ESC guidelines from
2018 [1]. If an ICM was recommended for CS, TIA, or
unexplained syncope, the patient was placed on a waiting list
for the procedure and later invited to an outpatient clinic for
device insertion by a cardiologist in a catheterization laboratory
(Figure 1). The laboratory time was a highly demanded resource
for performing more advanced interventional cardiological
procedures.

JMIR Cardio 2025 | vol. 9 | e67774 | p.173https://cardio.jmir.org/2025/1/e67774
(page number not for citation purposes)

Vanhala et alJMIR CARDIO

XSL•FO
RenderX

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


Figure 1. Patient pathways in 2018. CS: cryptogenic stroke; ICM: insertable cardiac monitor; TIA: transient ischemic attack.

Changes in the ICM Pathway as of 2020

Increasing Access to ICM Monitoring for Patients Who
Had CS or TIA
Based on the analysis, the clinical pathway was changed to
improve its efficiency. The referral via cardiologist was a barrier

for ICM monitoring for patients who had CS or TIA. To increase
the access of patients who had CS, the neurologist could refer
patients directly to an ICM procedure (Figure 2). Therefore, the
decision on ICM insertions was transferred to the neurologist.
This was in line with the updated 2020 ESC guidelines for AF
management which had a stronger recommendation for ICM
insertions for patients who had CS.
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Figure 2. Patient pathways in 2020. CS: cryptogenic stroke; ICM: insertable cardiac monitor; TIA: transient ischemic attack.

Increasing Patients’ Access to ICM Insertion Through
Nurse-Inserted ICM in the Procedure Room
The initial change focused on solutions for increasing the ICM
insertion capacity of the hospital as well as patients’ access to
diagnostic services. Drawing from experiences abroad [6,9,14],
where nurses safely and effectively conducted ICM insertions,
the conclusion was made that training nurses to perform ICM
procedures was safe and feasible.

The first ICM nurse-led insertion training program was initiated
in Finland in 2019. The content was designed corresponding to
the international, “nonphysician insert” ICM training program
[6]. On the organizational level, the trained specialized nurses
were deemed comparable to advanced practice providers as
defined in international literature and publications [9].
Registered nurses underwent specialized training to perform
ICM insertions (Multimedia Appendix 1). Based on the training
and monitoring of 5 patients’ ICM insertions under the
supervision of a cardiologist, the Tampere Heart Hospital
authorized 3 nurses to perform independent ICM insertions,
thus officially delegating some of the physicians’ responsibilities
to the nurses officially to redistribute the workload.

Limited availability of the catheterization laboratory and
management of the patient who had ICM workflow in the
hospital led to launching nurse-led ICM insertions in a clean
follow-up room specifically equipped for this procedure. The
improved ICM clinical pathway with nurses performing ICM

insertion of smaller devices was launched in the beginning of
2020. Larger ICMs were still on the market as well and
cardiologists implanted them (Figure 2).

Outsourcing ICM Data Monitoring and Triaging
Another notable change pertained to managing the workload
associated with ICM data, as most ICMs were monitored
remotely. Considering that a significant portion of the data were
not clinically actionable and given the limitations in staff time,
it was decided to outsource the first line analysis and triaging
of remote follow-up data (Figure 2). The external monitoring
service (FocusOn, Medtronic), consisting of technicians and
rhythm cardiology professionals, analyzed the electrocardiogram
data from patients who had ICM. They determined the urgency
of the information and conveyed it to the hospital. This approach
enables efficient data management, allowing hospital staff to
focus on patients needing immediate attention [15] or perform
additional ICM insertions.

Methods

Efficiency Assessment
A retrospective registry study was performed to assess the
impact of the pathway changes. We computed key efficiency
and safety metrics for the Tampere Heart Hospital before (2018)
and after (2020) the change in the clinical pathways. Efficiency
metrics included the number of patients treated with ICMs for
unexplained syncope and CS or unexplained TIA, the number
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of ICM insertions performed by nurses and cardiologists,
procedure time, the number of insertions carried out in the
catheterization laboratory, waiting time, diagnostic yield, and
time to diagnosis. Clinically significant arrhythmia (bradycardia
or tachycardia) was included in the diagnostic yield for patients
who had syncope. For patients who had stroke, the diagnostic
yield was measured as the proportion of patients with AF >6
minutes. Safety measures included the number of infections.

Patient Population and Data Collection
Data collection encompassed all consecutive patients who had
ICM at the Tampere Heart Hospital, irrespective of their
indications, in the years 2018 and 2020. The data collection
process was established as part of the clinic’s ongoing medical
care quality improvement efforts. Data were retrospectively
collected from the patient records and procedure registry and
identified using procedure codes and device serial numbers.

Ethical Considerations
This study followed the ethical principles of the Declaration of
Helsinki. Tampere University Hospital's Research Services of
the Wellbeing services county of Pirkanmaa provided the
permissions for the patient-level data collection from the
electronic health record (R23641X). Because patients weren't
contacted directly, informed consent wasn't required according
to Finnish law. To protect patient privacy, patients who had
ICM-level data were pseudonymized and subsequently
aggregated into an anonymized format to prevent the

identification of individuals. The data were handled according
to the General Data Protection Regulation policy of the
European Union.

Statistical Analysis
Descriptive tabling of the quantitative variables was performed
in Excel (version 2302; Microsoft 365 apps for enterprise). For
categorical variables, the chi-square test was used to compare
the distributions of 2 or more groups. For continuous variables,
a 2-tailed t test was conducted to test for statistically significant
differences. All calculations were carried out according to the
intention to treat principle.

Results

Participants
In 2018, 74 consecutive patients were included in this study
and in 2020, it was 159.

The proportion of female patients was 43.2% (n=32) and 51.6%
(n=82) in 2018 and 2020, respectively. As they were being
treated in an adult cardiology department, all patients were over
16 years of age. Most of the patients were aged between 40 and
79 years (n=58, 78.3%) in 2018, with a similar age distribution
in 2020 (n=114, 71.7%). The median age of the patients was
66 (55.5-76.8) years in the 2018 patient population and 67
(54.0-75.0) years in the 2020 population. Participants’
characteristics are presented in Table 1.

Table . Characteristics of participants who received ICMa insertions in 2018 and in 2020.

P value2020 (n=159), n (%)2018 (n=74), n (%)

.2482 (51.6)32 (43.2)Sex (female)

.35Age (years)

24 (15.1)4 (5.4)16‐39

33 (20.8)22 (29.7)40‐59

81 (50.9)36 (48.6)60‐79

21 (13.2)12 (16.2)80+

aICM: insertable cardiac monitor.

Use of ICM According to Guidelines
In 2018, the indication for ICM insertion was mainly
unexplained syncope (n=71, 95.9%) with 2.7% (n=2) of the
patients indicated with CS. In contrast, in 2020, a total of 59.1%
(n=94) were indicated with unexplained syncope and 39%

(n=62) with CS. The number of patients receiving ICMs
increased substantially from 2018 to 2020 (P<.001). For patients
who had syncope, the increase was from 71 to 94. Notably, the
use of ICMs in patients with SC or TIA substantially increased
from 2018 (2 patients) to 2020 (62 patients; Table 2).
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Table . Results—change in clinical pathway and safety.

P value20202018

<.001Indication, n (%)

94 (59.1)71 (95.9)Indication syncope

62 (39)2 (2.7)Indication cryptogenic

stroke or TIAa

3 (1.9)1 (1.4)Other

.0236 (27.7)49 (37.3)Waiting time to procedure (day), mean (SD)

<.001112 (70.4)0 (0)Nurse insertions, n (%)

4560Scheduled procedure time (min), n

<.0013 (1.9)14 (18.9)Insertion in catheterization laboratory, n (%)

.855 (3.1)2 (2.7)Overall complication rate, n (%)

<.001Data burden, n (%)

108 (67.9)38 (51.3)Patients on remote monitor-
ing

108 (67.9)0 (0)Patients on analyzing ser-
vice

aTIA: transient ischemic attack.

Waiting Time
A 2-sample t test was performed to compare the average waiting
time from referral to insertion in 2018 and 2020. The average
waiting time decreased significantly from 49 days in 2018 to
36 days in 2020 (P=.02; Table 2).

Resource Use
In 2018, physicians conducted all insertions, while in 2020,
70.4% (n=112) of the ICM insertions were performed by
specially trained nurses. The number of inserted ICMs doubled
from 74 in 2018 to 159 in 2020. Delegating the responsibility
of ICM insertions to trained nurses allowed physicians to
allocate their time to other essential procedures and
interventions. This transition to nurse-performed insertions in
2020 resulted in a saving of 48 hours (more than 6 working
days) of physicians’ time, a noteworthy improvement from the
process in 2018 (Table 2).

Catheterization Laboratory Use
In 2018, 18.9% (n=14) of the insertions were completed in the
catheterization laboratory, whereas in 2020, this figure was
reduced to 1.9% (n=3; P<.001). Additionally, the scheduled
procedure time for ICM insertion decreased from 60 minutes
in 2018 to 45 minutes in 2020. The streamlined procedure
scheduling saved an additional 40 hours (1 wk) of nursing time
and released the catheterization laboratory for other critical
procedures, amounting to 27 hours per year (Table 2).

Safety and Quality of the Procedure
All procedure-related complications were collected. The
procedure-related complications were pain (1 patient in 2020),
infection (2 patients in 2020), bleeding (2 patients in 2020), and
device migration (1 patient in 2020). A total of 4 ICMs were
explanted due to complications (3 relating to infection and 1
relating to pain). The complication rate remained consistent,

with no significant change, at 2.7% (n=2) in 2018 and 3.1%
(n=5) in 2020 (P=.85).

R-wave sensing data were only registered in 2020 after the
initiation of nurse insertions. The average R-wave at implant
in 2020 was 0.57 (SD 0.3) mV with 8 (5%) patients having an
R-wave below 0.2 mV.

Nurse Productivity
Remote monitoring was set up for 51.3% (n=38) of the patients
in 2018 and for 67.9% (n=108) in 2020. In 2018, none of the
remote-monitored patients who had ICM were followed up by
an outsourced analyzing service, while in 2020, all ICM
remote-monitored patients (n=108) were in the FocusOn-system.
In 2018, nurses were responsible for analyzing all remote
transmissions, consuming a substantial amount of their time.
The number of transmissions that needed analyzing from nurses
was not available. In 2020, the initial review and triaging of
remote transmissions were outsourced to an external monitoring
center. This external service escalated 11.2% (204 out of 1817)
of the transmissions to the clinic for review. Assuming an
average of 11 minutes per transmission by a nurse [8,10,16],
this external service saved 296 hours (approximately 40 working
days corresponding to almost 2 mo) of nursing time in 2020
(Table 2).

Diagnostic Yield
Notably, the quality of the diagnostic pathway was high, with
a high diagnostic yield despite the increase in inserted ICMs
from 2018 to 2020 (Table 3). The 1-year diagnostic yield for
patients with syncope remained high and exhibited no
statistically significant difference between 2018 and 2020 (n=19,
26.7% vs n=19, 20.2%; P=.32). The 36-month diagnostic yield
for patients who had syncope was generally high, with no
statistically significant difference between 2020 (n=36, 38.3%)
and 2018 (n=32, 45.1%; P=.38). The time to diagnosis was not
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statistically significantly different in 2018 and 2020 for patients
who had syncope (109 vs 114 days; P=.88). Further information

of detected arrhythmias is included in Multimedia Appendix 2.

Table . Diagnostic yield-intention to treat (2018: n=74; 2020: n=159).

P value36 month follow-up, n (%)P value24 month follow-up, n (%)P value12 month follow-up, n (%)

202020182020201820202018

.6063 (39.6)32 (43.2).1752 (32.7)31 (41.9).5435 (22)19 (25.7)Overall

.3836 (38.3)32 (45.1).1631 (33)31 (43.7).3219 (20.2)19 (26.7)Syncope

N/A27 (43.5)0 (0)N/A21 (33.9)0 (0)N/Aa17 (27.4)0 (0)Stroke

aN/A: not applicable.

The 1-year diagnostic yield (AF diagnosis) for patients who
had CS was 27.4% (n=17) and the 36-month diagnostic yield
was 43.5% (n=27) in 2020. The average time to diagnosis for
patients who had stroke was 127 days in 2020.

Discussion

Principal Findings
Our study illustrated that the shift from physician-led ICM
insertions to a clinical pathway where nurses inserted the
majority of ICMs released a substantial amount of staff time
and resources without compromising the quality of the clinical
pathway. The efficiency assessment showed that nurse insertion
and the use of an external monitoring and triaging service
significantly improved the use of hospital resources, such as
patient access to ICM insertion, follow-up, and diagnosis. The
results correspond to findings from the UK’s National Health
Service health care system, where trained nurses have
independently been taking care of ICM insertions and follow
ups with high quality treatment and safety since 2015 [6].

Regarding the patient follow-up, while in 2018 nurses analyzed
all remote monitoring data, in 2020 that part of the workflow
was outsourced to an external monitoring and triaging service.
As nurses in 2020 monitored only those remote transmissions
that were escalated, they could perform more ICM insertions
and actionable patient follow-ups. Similar efficiency benefits
from outsourcing part of the workflow have been reported
previously [10,17]. According to Giannola et al [17], the
introduction of such service offered efficiency and effectiveness
in patient care more safely than when compared with remote
follow-up handled solely at hospital level. Outsourcing the
management of remote monitoring data has been seen as a key
tool for saving staff time [8,18]. In addition, Biundo et al [8]
highlighted the need for appropriate staff resources to support
patient management activities, including remote monitoring.
Considering the heterogeneity in the infrastructure and staff
capacity of hospitals managing patients who had ICM, different
organizational models should be considered locally to achieve
efficient patient management, including outsourcing part of the
remote monitoring workflow [15]. Although the use of an
outsourced triaging service will add some costs, more efficient
use of hospitals resources and increased number of insertions
will probably help hospitals to reclaim the costs from the health
care funding system.

Our study at the Tampere Heart Hospital showed both a decrease
in the waiting time for the procedure and an increase in the
number of patients receiving care in response to the implemented
changes. Overall, the number of ICM insertions in 2020 doubled,
with indications for CS and TIA also increasing significantly
from 2018 to 2020.

The new workflow enabled nurses to gain new skills and broader
responsibilities, while physicians could refocus on specialized
care. Additionally, the shorter procedure released overall staff
time in 2020 compared with 2018. In this study, we only had
access to scheduled procedure time and not the actual procedure
time. However, these results correspond to the findings of Lim
et al [6] with the study conducted in the National Health Service.

In addition, the Tampere Heart Hospital catheterization
laboratory was released for other procedures, as the insertions
performed in this setting decreased significantly. Rogers et al
[16] showed similar results for insertions performed outside the
catheterization laboratory. Moving the procedure to office
settings saved time spent by patients in hospital, space and
resources used, clinical staff time, and, thus, the total costs of
the procedure [16]. When aiming to increase efficiency in the
clinical pathway, a detailed analysis of all resources supports
optimizing the process.

In this study, only cardiac arrhythmia diagnoses were included
in the reporting of the diagnostic yield. Furthermore, an
“intention to treat” principle was used, hence all patients were
included with full follow-up time, even though they were
diagnosed, deceased, or exited the population earlier for any
other reason.

In our study, the diagnostic yields for patients who had syncope
were high both in 2018 and 2020 (n=32, 45.1% and n=36,
38.3%; P=.38). In a meta-analysis by Solbiati et al [18], the
overall diagnostic yield was reported to be similar to our study
(43.9%) [18].

Sanna et al [19] reported the AF detection rate for patients who
had stroke to be 12.4% at the 12-month follow-up and 30% at
the 36-month follow-up [19]. Our study showed an even higher
diagnostic yield of 43.5% (n=27) at 36 months. Notably, the
patient population in the initial care pathway only included a
very low number of patients who had CS or TIA which prevents
a comparison between 2018 and 2020 for this indication [19].
As almost half of the patients who had syncope and patients
who had stroke receive a cardiac arrhythmia diagnosis after
ICM insertion, there could be underuse of ICMs in both patient
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groups. There is also a risk for overdiagnosing patients with
clinically insignificant arrhythmias and this leading to a
potentially harmful therapy (eg, pacemaker implantation after
asymptomatic night-time bradyarrhythmia or anticoagulating
patient with very short device-detected AF). Choosing patients
for ICM insertion is a demanding task and choosing a therapy
after device-detected arrhythmia is even more complex. Further
studies are needed to address these problems.

Importantly, the changes in the ICM pathway did not
compromise patient safety. In this study, the complication rate
did not change significantly regardless of whether the procedure
was performed solely by a physician in the catheterization
laboratory or a procedure room (n=2, 2.7%) or mainly by a
nurse in a procedure room (n=5, 3.1%). As the sample size of
our study is quite small, even 1 complication will have a
significant impact on reported percentages. In earlier studies,
procedure-related adverse events have been between 1.1% and
2.6% depending on the location of the procedure [20,21], and
the complication rate has been 1% for nurse-performed ICM
insertions and 2.2% for physician-performed insertions [6].

At the time of launching this study, there was only 1 other
hospital in Finland that had initiated nurse-led insertions. At
the time of publishing these results, Finland had 9 hospitals
running nurse-led ICM processes. A prospective study assessing
the cost-effectiveness of a nurse-led ICM process more precisely
could lead to implementing these changes in other health care
systems as well.

Limitations
This study has several limitations. First, it is a single center
study with a small number of consecutive patients who had ICM
without randomization. Nonetheless, they represent patients
from a tertiary level cardiac hospital that serves a population of
520,000 inhabitants [22]. The real-world setting helps to
describe how a clinical pathway change is made in practice.
Second, the retrospective analysis uses data that was documented
or available in the electronic health record. For example, the
working time that the nurses used to analyze the data for the 74
patients was not recorded at that time. Therefore, for the
efficiency estimation concerning the saved working time of
nurses, we used only the 2020 data in comparison with earlier
research. Third, R-waves were only measured after the workflow
shift to nurse insertions. However, the measured R-wave
amplitudes are in line with previously published results [23].

Conclusions
The change in the clinical pathway to nurse-perfomed insertion
in a procedure room and the use of an external monitoring and
triaging service significantly improved the efficiency of the
pathway for patients indicated for an ICM. In addition, nurse-led
insertion released a significant amount of staff time and
resources without compromising the quality of the treatment.
It can be stated that clinical pathway improvements enable
offering ICMs to a greater number of patients to meet the
diagnostic demand.
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Abstract

Background: Heart failure is a prevalent condition ideally managed through collaboration between health care sectors. Telehealth
between cardiologists and primary care physicians is a strategy to improve the quality of care for patients with heart failure. Still,
the effectiveness of this approach on patient-relevant outcomes needs to be determined.

Objective: This study aimed to assess the feasibility of telehealth support provided by cardiologists for treating patients with
heart failure to primary care physicians from public primary care practices in Rio de Janeiro, Brazil.

Methods: We used mixed methods to assess the feasibility of telehealth support. From 2020 to 2022, we tested 2 telehealth
approaches: synchronous videoconferences (phase A) and interaction through an asynchronous web platform (phase B). The
primary outcome was feasibility. Exploratory outcomes were telehealth acceptability of patients, primary care physicians, and
cardiologists; the patients’ clinical status; and prescription practices. Qualitative methods comprised content analysis of 3 focus
groups and 15 individual interviews with patients, primary care physicians, and cardiologists. Quantitative methods included the
baseline assessment of 83 patients; a single-arm, before-and-after assessment of clinical status in 58 patients; and an assessment
of guideline-directed medical therapy in 28 patients with reduced ejection fraction measured within 1 year of follow-up. We
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integrated qualitative and quantitative data using a joint display table and used the A Process for Decision-Making After Pilot
and Feasibility Trials framework for feasibility assessment.

Results: Telehealth support from cardiologists to primary care physicians was generally well accepted. As barriers, patients
expressed concern about reduced direct access to cardiologists, primary care physicians reported work overload and a lack of
relative advantage, and cardiologists expressed concern about the sustainability of the intervention. Quantitative analysis revealed
an overall poor baseline clinical status of patients with heart failure, with 53% (44/83) decompensated, as expected. Compliance
with guideline-directed medical therapy for the treatment of heart failure with reduced ejection fraction after telehealth showed
a modest improvement for β-blockers (17/20, 85% to 18/19, 95%) and renin-angiotensin-aldosterone system inhibitors (14/20,
70% to 15/19, 79%) but a drop in the prescription of spironolactone (16/20, 80% to 15/20, 75%). Neprilysin and sodium-glucose
cotransporter 2 inhibitors were introduced in 4 and 1 patient, respectively. Missing record data precluded a more precise analysis.
The feasibility assessment was positive, favoring the asynchronous modality. Potential modifications include more effective
patient and professional recruitment strategies and educational activities to raise awareness of collaborative support in primary
care.

Conclusions: Telehealth was feasible to implement. Considering the stakeholders’views and insights on the process is paramount
to attaining engagement. Missing data must be anticipated for future research in this setting. Considering the recommended
adaptations, the intervention can be studied in a cluster-randomized trial.

(JMIR Cardio 2025;9:e64438)   doi:10.2196/64438

KEYWORDS

heart failure; telemedicine; telehealth; intersectoral collaboration; primary health care; low- and middle-income countries; family
practice

Introduction

Background
Collaboration among health care professionals is essential for
delivering the best possible care for the population [1].
Telehealth, defined in this paper as the interaction between
health care professionals using remote communication tools to
collaborate on patient care [2,3], may increase the efficiency of
health care systems, reduce costs, and improve patients’quality
of life while lowering the need for in-person appointments with
specialists and referrals [4,5]. Specifically, chronic disease
management involving multidisciplinary collaboration is known
to improve the quality of care [6,7].

Heart failure is a chronic condition and the end stage of many
cardiovascular diseases, with a significant impact on public
health [8-10]. Recent epidemiologic studies on the global burden
of disease point to an incidence of up to 20 cases per 1000
persons per year and a prevalence of 1% to 3% of the population,
affecting 64 million people worldwide [11-14]. Readmission
rates can be as high as 40% in 6 months [15], burdening health
systems with an estimated annual cost of US $108 billion
worldwide [16]. The 5-year specific mortality rate may reach
75%, and quality of life is jeopardized. Population aging, the
increase in survival rates after acute cardiologic events, and
better access to health care will increase the prevalence of heart
failure by up to 8.5% in 2030 according to prediction models
[17].

Notwithstanding the unfavorable epidemiological scenario,
heart failure is amenable to pharmacological treatment and
behavior change. Most interventions can be delivered in primary
care [18,19] and other outpatient settings with positive results
[20,21], and new guidelines, including novel pharmacological
options, are published and updated frequently [22,23].
Nevertheless, the overall physician adherence to the

recommendations is low. The proportion of patients with heart
failure with reduced ejection fraction (HFrEF) treated following
guideline-directed medical therapy (GDMT) is reported as 27%
to 73%, constituting only 14% when reaching target doses is
considered [24]. Primary care physicians with a general
medicine background commonly need support in assisting these
patients, as described in previous studies [25-28]. Therefore,
there is plenty of room for improvement, making it a suitable
case for collaborative strategies such as telehealth.

Telehealth services have been commonly used as a collaborative
care strategy, mainly in North America and, to a lesser extent,
in Europe [29], with positive results [30,31]. They are less
common in low- and middle-income countries. Brazil has a
national telehealth program named Telessaúde Brasil Redes
[32], which aims to foster the development of telehealth nuclei
in Brazilian states and regions. At least 3 large telehealth
services have been implemented in the last decades.
Unfortunately, reports about telehealth implementation in Brazil
have pointed to low adoption rates by primary care physicians
[33-37].

Implementation research studies indicate that telehealth
implementation, as a complex intervention, is influenced by
multiple factors that may facilitate or undermine its adoption
and usability [38-40]. Telehealth adoption is below the expected
level in many settings due to subjective factors such as resistance
to innovation and practical aspects such as infrastructure
availability, technical challenges, communication hardships
between sectors, and work overload from other tasks [41-43].
Furthermore, solid, high-quality evidence of the benefit of
telehealth, especially in assessing patient-relevant outcomes, is
lacking [44]. Recently published systematic reviews point to
the need for trials with enough statistical power focusing on
patient-relevant outcomes such as mortality, hospital admissions,
and quality of life [4,29,44,45]. For all the reasons and
knowledge gaps described previously, we designed a clinical
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trial [46] within the Brazilian Heart Insufficiency With
Telemedicine (BRAHIT) frame project, an academic
collaboration between medical researchers from Denmark and
Brazil’s higher education and health institutions [47]. The trial
aims to evaluate whether telehealth support from cardiologists
to primary care physicians improves the quality of heart failure
management and impacts patient-relevant outcomes.

As recommended by most frameworks for studying complex
interventions [48,49], we previously tested the implementation
of the intervention used in this study, aiming to assess the
feasibility of the telehealth process designed as the trial
intervention. We tested a synchronous approach, where real-time
case discussions are held between specialists and primary care
physicians using remote communication tools (eg,
videoconference), and an asynchronous approach, where the
communication does not require real-time contact between the
parties and the remote interaction happens using a non–real-time
strategy (eg, SMS text messages).

We aimed to answer the following research question: is it
feasible to implement telehealth support from cardiologists to
primary care physicians in the clinical practice settings of Rio
de Janeiro and evaluate it as an intervention within a
cluster-randomized trial? Other pertinent research questions
included the following: which factors influence primary care
physicians’ adoption of telehealth support? How do other
stakeholders, such as patients and teleconsulting cardiologists,
perceive the intervention? Does telehealth support alter current
clinical practices among primary care physicians?

Objectives
This study aimed to analyze factors influencing the delivery
and acceptability of telehealth support by primary care
physicians, cardiologists, and patients (stakeholders), including
context factors, facilitators, barriers, opportunities, and threats,
and analyze whether telehealth support influences primary care
physicians’ treatment practices and the clinical status of patients
with heart failure.

Methods

Study Design
This was a prospective study using mixed methods and a
concurrent design. The qualitative approach included thematic
analysis of data from focus groups and individual interviews
with the participants using predefined, semistructured scripts.
The analysis followed an inductive, constructivist approach.
We sought data about the context and the telehealth execution,
drawing connections between our preconceived hypotheses and
assumptions (theories) and the collected data guided by the
content analysis methodology by Bardin [50]. We chose this
design to collect and analyze descriptive and subjective in loco
information that could help us answer our research questions.
The quantitative assessment involved a descriptive analysis of
the patients’ clinical changes, including vital signs, symptoms,
and prescribed medications in the cases discussed.

For reporting guidance, we used, where applicable, the
CONSORT (Consolidated Standards of Reporting Trials)
extension for pilot and feasibility trials [51], the Strengthening

the Reporting of Observational Studies in Epidemiology
statement for observational research [52], the Standards for
Reporting Qualitative Research statement [53], the
recommendations by Braun and Clarke [54] for reporting
qualitative studies, guidelines for reporting mixed methods
studies [55], and additional guiding literature [56,57].

Setting
The BRAHIT project started in 2019 with the principal aim of
implementing digital solutions to improve the quality of
cardiovascular disease care in Rio de Janeiro, Brazil’s
second-largest city with 6.2 million inhabitants. Brazil’s
population relies on a universal health system with free access
to comprehensive care, and Brazil has invested in primary care
through the implementation of the Family Health Strategy over
the last 25 years [58]. In this context, Rio de Janeiro has been
the setting for significant primary care reforms in the previous
15 years, showing a marked increase in health care structure
and workforce [59]. There are currently 238 primary health care
practices in the city hosting 1352 teams, each composed of 1
physician, 1 nurse, 1 nurse technician, and 5 to 6 community
health workers. Primary care practices also deliver oral health
care and have the support of mental health and rehabilitation
professionals.

As one of the main cities in the country and former capital, Rio
de Janeiro also hosts a thorough specialized service network,
including national institutes such as the National Institute of
Cardiology (INC), whose team was responsible for the telehealth
support to the primary care teams in this study. The choice of
telehealth as the studied intervention within the BRAHIT project
relied on the strategic role of collaborative interactions between
health services to improve health care [6], which aligned with
the project’s main strategic goal.

Other BRAHIT project research activities include a systematic
review of telehealth and a cluster-randomized trial registered
at ClinicalTrials.gov (NCT04466852), which was in the
recruitment phase when this paper was submitted.

Intervention

Overview
The intervention assessed in this study was telehealth support
requested by a primary care physician to discuss a heart failure
case and executed by a cardiologist from the INC. The
intervention aimed to support general physicians in dealing with
the clinical aspects of heart failure management, including
diagnostic, treatment, and referral practices. The feasibility
study and interventions were organized in 2 different phases
and approaches. Telehealth occurred through scheduled
synchronous videoconferences or an asynchronous texting and
data exchange platform depending on the study phase, as
described in the following sections.

Phase A: Synchronous Videoconferences
Phase A started in August 2020, when videoconferences
(synchronous approach) between cardiologists and primary care
physicians were implemented to discuss cases of patients with
heart failure from one of the Rio de Janeiro municipality’s
primary care practices. The practice comprised 15 primary care
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teams. As one of the hosts of the family medicine residency
program in Rio de Janeiro, it also has 2 family medicine
residents per team (year 1 and year 2) in addition to the original
team composition described previously. This practice provides
primary care for >45,000 people in a socioeconomically
deprived area.

The research team presented the BRAHIT project’s telehealth
support offer to a group of physicians from the practice who
could disseminate the information to the remaining staff
members and agreed on the methods. A web-based schedule
was organized and hosted on the practice’s Google workspace,
where the primary care physicians could schedule the telehealth
session with the cardiologists.

In a preliminary meeting, all participants were previously trained
in telehealth by one of the researchers (LG). In total, 1 to 3 cases
of patients with heart failure were discussed in each session,
which could take place once a week unless there was no
appointment. The primary care physicians used the practice’s
computers, and the cardiologists used the INC research
department computers to connect and interact via the Zoom
platform (Zoom Video Communications) licensed for the
project. Phase A lasted from August 2020 to June 2021 (11
months).

Phase B: Asynchronous Telehealth Using an Online
Platform
Phase B started in July 2021, when the researchers decided to
upscale the telehealth offer to all other primary care practices
in the city. An IT company was hired to develop an online
platform conceived by the researchers and based on similar
experiences described in the literature [60] to allow for
information exchange via text (asynchronous), substituting
videoconferences as the initial interaction tool. The web-based
platform was hosted on the project’s website (Figure 1).

Upon registration and secure access granted by the research
data management team (Figure 2), the primary care physicians
entered their professional identification and contact information,
the patient’s demographic and clinical data, and the reason for
telehealth.

The research group’s teleconsultant should respond within 2
working days through a texting service within the platform. If
primary care physicians deemed it necessary, they could still
make synchronized phone or videoconference calls on demand.
In this case, after agreeing with the cardiologist, they would use
the WhatsApp app (Meta Platforms) for voice or video calls at
their discretion. The web-based platform did not offer
synchronous contact in the form of audio or video calls due to
time and financial constraints for the tool’s development.

One of the researchers (LG) shared the BRAHIT project’s
telehealth offer through presentations to the municipal health
department, the regional primary care health coordination
offices, and the family medicine residency program staff. In
this second phase, 13 primary care practices participated in the
telehealth program, including the practice involved in phase A.
While primary care physicians could discuss cases of patients
with other cardiologic diagnoses, this study focused solely on
the discussion of heart failure cases.

In both phases, the duration of support was at the discretion of
the primary care physicians. Regardless of the study phase, all
patients had access to standard care, including consultations
with physicians and nurses, preventive measures, oral health
treatments, and follow-up visits from community agents.
Participating primary care teams received weight scales,
automatic blood pressure monitors, and oximeters to encourage
patient follow-up. Phase B lasted from July 2021 to December
2022 (19 months).

Figure 1. Telehealth online platform landing page used in all study phases for intervention delivery (provider-to-provider support from cardiologists
to primary care physicians via telehealth) from August 2020 to December 2022. Permission obtained by the authorship for the use of the image without
attribution.

JMIR Cardio 2025 | vol. 9 | e64438 | p.185https://cardio.jmir.org/2025/1/e64438
(page number not for citation purposes)

Graever et alJMIR CARDIO

XSL•FO
RenderX

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


Figure 2. Log-in page for the online platform, restricted to registered users to protect data access and ensure their safety.

Participants and Data Collection

Qualitative Methods
We conducted 3 separate focus groups (group 1, group 2, and
group 3) after the end of phase A and 15 interviews after phase
B. The first author, LG, a physician and PhD candidate,
scheduled, organized, and conducted the focus group sessions,
whereas PCM, a female physician and master’s degree
candidate, conducted the individual interviews. Both are trained
in executing qualitative research data collection. MKG, a female
researcher with robust qualitative research experience,
supervised and supported data collection and analysis.

At the beginning of all focus group sessions, LG explained the
research and session objectives and disclaimed the research
objectives and premises, including the group’s assumptions and
theories. Probing questions were used as an orientation for each
focus group to facilitate the meeting interactions. All meetings
were audio recorded for later transcription and content analysis.
The probing questions of the semistructured interview script
were about telehealth within the BRAHIT project, its use in the
practices, and participants’perception of their ability to manage
patients with heart failure.

For group 1, researchers MKG and LG invited all the primary
care physicians from the phase A practice, including family and
community medicine specialists or residents. Considering the
initial response of 5 family physicians and 10 residents, the
researchers decided to conduct 1 session because a second one
could have low attendance due to the participants’ time
constraints. All invitees attended the session. With one
exception, most participants were young physicians who had
graduated in the previous 10 years. They are an engaged,
proactive health care team that is usually cooperative and prone
to quality improvement initiatives. All primary care physicians

using telehealth and participating in this focus group were
members of the Rio de Janeiro municipality’s family medicine
residency program. This could have contributed to better
engagement and assessment of educational activities such as
telehealth. One of the primary care physicians was assigned as
the observer. The session, which lasted 96 minutes, took place
on June 22, 2021, in the practice auditorium.

For group 2, all 5 cardiologists who provided telehealth support
during the study were considered eligible for the session and
invited. The cardiologists have a strong connection with the
researchers and vice versa as they are also project workers or
researchers. In total, 80% (4/5) of the invited cardiologists
attended the focus group session. One could not be contacted
and had already left the project team. The senior author (HD)
participated as an observer. The age range of the group was 31
to 54 years. A total of 50% (2/4) of the participants were male,
and 50% (2/4) were female. Their cardiology practice time
ranged from 3 to 32 years. The session was held through
videoconference using the Zoom software on June 30, 2021,
and lasted 90 minutes.

For group 3, we considered eligible the 32 patients whose cases
were discussed during the videoconference sessions.
Unfortunately, half (16/32, 50%) of them could not be contacted
due to communication hardships or other unspecified reasons.
The researchers relied on the help of the community health
workers from the practice for invitations. LG and MKG invited
all 16 contactable patients and decided to program 1 session,
forecasting a nonattendance rate of at least 30%. In total, 31%
(5/16) of the invited patients and the daughter of 1 patient, who
was also his caregiver, attended the meeting on July 21, 2021,
at the practice’s auditorium. The caregiver also contributed to
the content but was identified as a patient due to privacy
measures. The meeting lasted 63 minutes and was supervised
by MKG, with 1 primary care physician as an observer.

JMIR Cardio 2025 | vol. 9 | e64438 | p.186https://cardio.jmir.org/2025/1/e64438
(page number not for citation purposes)

Graever et alJMIR CARDIO

XSL•FO
RenderX

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


For the individual interviews during phase B, we considered all
19 primary care physicians who worked as chief physicians of
their respective practices in a different city region from that of
the primary care practice in phase A. All accepted the invitation.
A total of 79% (15/19) were women, and 84% (16/19) were
White. The years of experience in primary care varied from 3
to 15 years. The interviews were conducted at the participants’
workplace in the practice’s lounge during work hours at a
previously scheduled date and time. Importantly, medical staff
and resource shortages were frequent in this region, especially
during the COVID-19 pandemic, which coincided with the study
period. This may have contributed to different attitudes and
points of view regarding the same intervention. The interviews
took place in December 2022.

The sampling for the qualitative methods was purposefully
determined. The participants were considered to adequately
represent the study populations as they were directly (primary
care physicians and cardiologists) or indirectly (patients)
involved in the telehealth process. The assessment of data
saturation for the focus groups could not be planned because,
despite previous consideration of repeating sessions with further
participants, time constraints precluded more focus group
sessions. The individual interviews had a high attendance rate
(19/19, 100%), so the proposed sample was reached and
considered representative of the studied population. To ensure
trustworthiness, the data content from each focus group session
and interview was primarily assessed as satisfactory by at least
2 researchers (MKG, LG, or PCM) at the end of each data
collection activity. Due to operational reasons, transcriptions
were not returned to the participants for feedback.

Data were recorded using the embedded audio recorder from
LG’s cellphone (iPhone SE [Apple Inc]) for the focus groups
and the Telegram app (Telegram FZ-LLC) on PCM’s phone
for the individual interviews. All content was transcribed using
the Transkriptor online platform [61] and stored locally on the
investigators’ PCs (LG or PCM, respectively, for the focus
groups and interviews) with no online access.

Quantitative Methods
In both phases of the project, we included all patients with heart
failure whose cases were discussed in a telehealth session in
the study. We excluded patients initially selected by the primary
care physicians whose cases were not addressed in telehealth
sessions. The sample size was not calculated for the quantitative
assessment as hypothesis testing was not intended [56,62].
Therefore, we analyzed the baseline data of all the included
participants in the study and the data after the intervention when
there were enough data to be analyzed.

Quantitative Data
The primary care physicians registered the clinical data from
the case discussions on electronic health records. For research
purposes, the teleconsultants also entered data from the
telehealth sessions on a REDCap (Research Electronic Data
Capture; Vanderbilt University) database [63] hosted on a secure
server at the INC and accessible only to the research team. The
Rio de Janeiro municipality health department granted remote

access to the electronic health records to follow up on the
patients.

Data Analysis

Qualitative
The transcripts were imported to the NVivo software (version
12 for transcripts from group 1 and 2 sessions and version 14
for individual interviews with physicians; Lumivero). The
software version changed over the study period due to a change
in license permissions by one of the research institutions [64].
MKG, LG, and PCM double-checked the content for
transcription accuracy and corrected occasional mistakes in the
electronically transcribed content to ensure the accuracy and
confirmability of the dataset. To ensure the participants’
anonymity, we identified the content by the letter corresponding
to the group. We attributed C to cardiologists, FP to family
physicians, P to patients, and IP to individually interviewed
physicians followed by a numeral according to the order of
answers within the group. We did not add notes to capture
nonverbal information.

In total, 3 researchers (LG, MKG, and PCM) analyzed the
transcripts using thematic analysis as the primary approach
[50,65-67]. First, the authors performed a general collective
reading, obtaining first impressions about the content. They
then explored the content, breaking it down into sentences
(units). The units were coded initially as subthemes and then
classified into broader themes. The coding proceeded
dynamically during the reading, driven by the content, the
guiding questions, and the authors’perspectives. It was cyclical,
involving rereadings until all sentences were classified.
Repetitive statements were discarded. The 3 authors involved
in data analysis worked together in 4 weekly in-person sessions
using member checking and triangulation to enhance the
analysis’s credibility and dependability.

Finally, the information was summarized, enabling the critical
analysis of the material from the authors’ perspective. The
authors emphasized the inductive interpretation of the content
[65], analyzing the participants’points of view and stories rather
than quantitative variables such as the frequency of themes or
codes.

LG, MKG, and PCM had in-person discussions to execute the
data analysis and interpretation until they reached a satisfactory
consensus considering different opinions and interpretations.
The contents of each focus group session and the interviews
were analyzed separately.

LG, MKG, and PCM had previous professional relationships
with participants in the focus groups and individual interviews.
LG was the former primary care coordinator in Rio de Janeiro
and had previously collaborated academically with the involved
cardiologists. MKG is an associate professor at the university
who runs the internship program at the primary care practice
from study phase A. PCM was the medical coordinator of the
group of individually interviewed primary care physicians during
the study period. These factors bring critical reflexivity to the
data collection and analysis as the authors are linked to the
health services they study and have personal intents and
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assumptions regarding assessing the study intervention, for
example, the expectation of positive outcomes.

Quantitative
We collected data on demography (age, sex, and race),
anthropometry (weight and BMI), vital signs (blood pressure
and heart rate), heart failure decompensation (defined as the
presence of pulmonary rales, jugular vein stasis, or leg edema
on examination), and prescribed drugs and dosage. To assess
GDMT in patients with HFrEF, we considered the 3-drug
regimen of renin-angiotensin-aldosterone system inhibitors
(RAAS-I), β-blockers, and mineralocorticoid receptor
antagonists. We observed whether the drugs were used and the
target doses were reached [68]. As we collected data from 2020
to 2022, when the recommendation of sodium-glucose
cotransporter 2 (SGLT-2) inhibitors in guidelines as the fourth
treatment pillar [22,69] was not yet consolidated in medical
practice or incorporated into local guidelines [68], we decided
not to consider the prescription of this drug class in our
assessment of GDMT. Therefore, the use of SGLT-2 inhibitors
was registered but not included in the GDMT analysis.

We analyzed the data using simple descriptive statistics. We
described the baseline variables of all included patients. For the
subgroup of patients with follow-up data, we described and
compared the proportion of patients who were decompensated.
Among those, we compared the proportion of patients with
HFrEF who used GDMT.

All comparisons were between baseline and the latest time point
within the year after the intervention, grouped by phase.
Inferential statistics were not executed because the study
objective was not to test any hypothesis based on the study data.
If there was more than one measurement for the same patient
during follow-up, we considered only the latest time point value.

Outcomes
The primary outcome was the feasibility of telehealth support.
To draw inferences about this outcome, we integrated the
qualitative exploratory findings of the content analysis of the
focus groups and individual interviews with quantitative data
such as patients’ baseline data, clinical status, and the primary
care physicians’ use of GDMT. For data integration, we
connected the data within selected feasibility domains described
by Aschbrenner et al [70] (eg, recruitment capacity, assessment
procedures, implementation resources, intervention delivery,
and acceptability). For decisions about feasibility and
progression to the main trial, we used the A Process for
Decision-Making After Pilot and Feasibility Trials framework
for feasibility analysis described by Bugge et al [71]. We
presented the integration results in the form of a joint display
[72].

Ethical Considerations
This study was carried out following the Declaration of Helsinki
and approved by the INC (registration 5272), the health
department of the Rio de Janeiro municipality (registration
5279), the Federal University of Ouro Preto (registration 5150),
and the Brazilian National Research Ethics Committee
(registration 8000) under application 14894819.5.0000.5272.
The assessment by the Danish Research Ethics Committee
System was waived because the study did not involve Danish
participants or the use of Danish data.

Patients and primary care physicians involved in the study were
informed and included only after signing informed consent
forms tailored to each participant category. These forms served
as a formal invitation to the study explaining the rationale behind
the research and detailing characteristics such as the number of
participants and the study duration. We also outlined the
proposed activities and disclosed the potential benefits and risks
of participation. Additional topics included information on data
handling and use, confidentiality, and privacy, along with
clarification about involvement in the study and the absence of
financial or other forms of compensation for participation.

Regarding data collection and use, the researchers sought access
from the local health authority to private demographic and
clinical data available in the primary care health services’
electronic health record system (VitaCare). The Rio de Janeiro
municipality granted authorization after we signed a statement
of responsibility for data use. The informed consent permits
secondary analysis without requiring additional permission.

The research team monitored patient data throughout the study.
To ensure data safety, only 1 researcher and 2 undergraduate
students had access to extract data from the electronic health
records and input them into the study’s REDCap databases. The
data were pseudoanonymized, with participants identified by
their national health registration numbers. The REDCap database
was subsequently made available to the rest of the research team
in Brazil. Case management remained unaffected except for the
eventual modifications in medical decisions influenced by
telehealth. All procedures adhered to relevant laws and
institutional guidelines.

Registration
The BRAHIT frame project is registered at ClinicalTrials.gov
under the number NCT04466852 and was approved by Brazil’s
National Research Ethics Committee under the registration
number 14894819.5.0000.5272.

Procedural Diagram
In Figure 3, we present a procedural diagram [55] containing
the timeline, the researchers’ tasks, participant activities, and
data collection methods according to each project phase to
ensure clarity in the study methods and execution.
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Figure 3. Procedural diagram—timeline, interventions, tasks, and data management by study phase. c-RCT: cluster-randomized controlled trial; EHR:
electronic health record; REDCap: Research Electronic Data Capture.

Results

Qualitative Results

Common Findings
The content of all qualitative activities had telehealth support
as a common theme due to the specific probing questions posed
to all participants. Conversely, particular themes emerged based
on the participant categories. For instance, concerns about
patients’ social conditions and interactions among health care
sectors were highlighted among primary care physicians in
phase A but were less evident among those in phase B, where
the themes focused more on professional matters. Differences
in physicians’ educational backgrounds may explain this
variation. All primary care physicians in phase A (focus group;
15/15, 100%) specialized in family and community medicine,
whereas only 37% (7/19) in phase B (individual interviews)
had the same specialization.

On the other hand, the physicians interviewed in the project’s
phase B were more experienced than the ones in phase A.
Different data collection methods (interview vs focus group)
could have also played a role. In the case of the cardiologists,
the operational aspects were notably frequent, which correlates
with the fact that they were the consultants and research team
members. In the patient focus group, the themes actively
mentioned by the participants were related to the primary care
service organization and their experience with disease and care.
Each group’s code classification, findings, and interpretation
are detailed in the following sections.

Focus Group: Primary Care Physicians

Overview

Four themes emerged from the session’s content analysis: (1)
population aspects, (2) clinical competence in primary care, (3)
communication among health care services, and (4) telehealth
support. The themes, subthemes, and definitions are shown in
Table 1.
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Table 1. Focus group 1 (primary care physicians)—themes, subthemes, and definitions that emerged from content analysis.

DefinitionTheme and subtheme

Population aspects

Opinion on the population’s socioeconomic and cultural vulnerabilityDisparities

Patients’ mobility hardshipsMobility

Clinical competence in primary care

Lack of confidence in managing patients with heart failureConfidence

Perception of the task of treating patients with heart failureTask perception

Communication gap among health care sectorsCommunication among health care services

Telehealth support

Discussion about the use of supporting toolsUse

Assessment of telehealth support usePotential and barriers

Population Aspects

Considering the context in which the focus group took place, a
socially deprived area of the city, and the educational
background of the participants, who were trained to deliver
person-centered, community-oriented care, the mention of social
disparities and their impact on patient care and the service
organization was expected. The discussion highlighted the
population’s socioeconomic and cultural vulnerability, which
markedly influences their lives and clinical follow-up [73]:

...our patients are very vulnerable...So economically,
intellectually, and culturally speaking, they need us.
[FP1]

Another important subtopic was mobility, reflecting the concerns
of the primary care physicians about the patients’ itinerary
within and between health care services. The patients’
difficulties moving around the city for an eventual referral to a
specialized service were reported, reinforcing the importance
of the primary care practice offering close, accessible, and
comprehensive care, facilitating adherence. This aspect is
supported by findings from the literature correlating the
accessibility of primary care facilities and its impact on the
continuity and quality of primary care delivery [74,75]:

...They don’t have the financial conditions to do it
(commuting) from their pocket. So, they will return
to us to continue care. [FP1]

Clinical Competence in Primary Care

An essential theme that emerged from this focus group was the
primary care physicians’ confidence in assisting patients with
cardiologic conditions such as heart failure. The lack of
confidence reported by some physicians regarding themselves
and their colleagues may be due to inexperience and insufficient
training before graduation:

...We know some topics more basically, like reading
an X-ray or an electrocardiogram. I think the EKG
is a general difficulty. [FP3]

There was also sometimes a notably unclear perception of
primary care as a scenario for managing severe diseases such
as heart failure:

...I always imagined that I would manage...here in
primary care, only hypertension, so anything that
goes a little beyond within cardiology topics, literally,
I don’t know. [FP2]

Communication Among Health Care Services

When collaborative care is discussed, one main topic that usually
emerges is the communication hardships between services [76].
The participants described significant communication problems,
which led to gaps and unawareness of actions performed in
secondary and tertiary services, affecting the patients’ care:

...I think the great difficulty we have today is that we
seldom receive a report from a specialist. They should
tell us how shared care is supposed to happen... [FP1]

Sometimes, they order tests or prescribe medication,
and we don’t know exactly why. How can I share the
care with them and continue if I don’t know where
they want to go? [FP3]

Telehealth Support

The researchers’ questions probed the ubiquitous theme of
teleconsulting services. The group discussed the ideal
characteristics of a teleconsulting service, their experience with
the BRAHIT project, and other support activities. The group
evaluated telehealth support positively as it was easily
accessible. They also assessed the BRAHIT project as having
favorable characteristics:

...the intimacy, the ability (of the teleconsultants) to
understand my difficulty, because sometimes I ask a
question, and he already answers... [FP9]

...They are focal specialists who understand my reality
and see that they are contributing not only to me, but
to patient care. [FP5]

On the other hand, the time-consuming effort required to be
physically present during the videoconferences was a frequent
negative feedback. This information led the researchers to refine
the intervention, adapting the telehealth offer to include an
asynchronous approach commonly used in other telehealth
services [77]:
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...We know that we are privileged, because there are
a lot of physicians here, but in other clinics I have
worked, I would rarely have the time to be online in
a web conference. [FP10]

Focus Group: Cardiologists

Overview

Two themes emerged from the session’s content analysis: (1)
the relationship with the primary care service and (2) telehealth
support. The themes, subthemes, and definitions are shown in
Table 2.

Table 2. Focus group 2 (cardiologists)—themes, subthemes, and definitions that emerged from content analysis.

DefinitionTheme and subtheme

Relationship with the primary care service

Discussion about their vision on primary care servicesVision on primary care

The National Institute of Cardiology’s mission as a teaching institutionMission

Telehealth support

Evaluation of the interactions regarding collaborationEducation

Challenges of telehealth implementationChallenges

Relationship With the Primary Care Service

The cardiologists discussed their preconception about primary
care services, initially evaluated as deficient in structure and
quality of human resources, and stated a paradigm shift after
contact with the team from the primary care practice:

...we are hospitalists, and sometimes we believe that
the primary care practice has an inadequate structure,
right? [C1]

Sometimes, physicians do not have adequate training,
and it was a paradigm that was broken about the
technical level of the colleagues, which is, in fact,
very high. [C2]

Another important finding was the recognition by the
cardiologists of significant opportunities for the INC team,
highlighting their role as a specialized public institution in
education to improve the overall quality of the health care
system:

...I noticed since the first time the chance not only to
improve the follow-up of these patients but also to
teach the professionals who work there, allowing
them to feel more capable of helping people. I think
that most people in primary care have this vocation.
[C1]

Telehealth Support

The telehealth interactions were assessed as positive regarding
training and collaboration between the parties, and opportunities
for bilateral learning were identified:

They already have a different perception of
approaching cardiac patients, and it has been a very
enriching exchange of experiences for both sides.
Sometimes, I think we also learn from them. [C2]

So, bringing not only knowledge but also the
experience that we have in terms of treatment, I think
general practitioners have good experiences with us
and realize that we are calm. The patient is severe,
but we manage it. [C4]

The cardiologists reported concerns about implementing
telehealth, specifically about its scalability and sustainability
and the engagement of primary care physicians:

...I just think there was also an underuse of the
service. I think it could have been used more. [C2]

Focus Group: Patients

Overview

Two themes emerged from the session’s content analysis: (1)
disease and care experience and (2) telehealth support. The
themes, subthemes, and definitions are shown in Table 3.

Table 3. Focus group 3 (patients—phase A)—themes, subthemes, and definitions that emerged from content analysis.

DefinitionTheme and subtheme

Disease and care experience

Understanding regarding their disease and careHealth literacy

Thoughts about good habits and well-beingInsights about self-care

Assessment of physicians’ actions and consequences for their healthCare evaluation

Attitudes toward the diseaseFree will

Telehealth support

Opinions and worries about telehealth supportOpinions and fears
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Disease and Care Experience

The probing questions for the patients investigated their
understanding of heart failure as a disease and their conceptions
of medical assistance. Their discussions revealed a
heterogeneous understanding of cardiologic conditions and their
treatment:

...I used to think there was one type of heart disease.
One would feel chest pain. But it seems that there is
more than that. I do not understand. [P3]

There were also reports about the patients’ improvements after
they were properly diagnosed and treated. They could find a
positive correlation between following correct habits and taking
correct medications and their well-being:

...Then I do not feel tired anymore. It has been two
years now. I cycle to work and to everywhere around.
I help a friend with construction work. It is
impressive. I even get suspicious sometimes. [P6]

Nevertheless, in the words of other participants, we recognized
a disconnection between their interpretation of physicians’
actions, test results, and medications and their feelings. We also
noticed different attitudes toward the disease depending on
individual characteristics:

...I only go to hospitals or clinics if I am dying. If I
feel something that can be managed with analgesics
or something, I will not come. I do not take
prescription medications every day, as I feel myself
controlled. [P4]

Telehealth Support

The participants responded positively when discussing
cardiologists’ telehealth support for their primary care
physicians. They understood the initiative as an improvement.
One participant reported that his physician participated in the
BRAHIT project:

...He [the physician] takes pictures of the test results
and sends them to the project. Yes, I think he is
participating. Maybe it is working! [P6]

...I think it is a very good idea. [P2]

The literature does not extensively address the patient vision of
telehealth between health care professionals. Our findings are
significant as they provide the patients’ perspective on the
strategy. In our findings, the patients seen in specialized care
reported feeling unsafe enough to stop regularly attending
specialist appointments even after the implementation of
telehealth support:

...I think it would be better if we went to the hospital
and had all the tests. It would be better to go directly
there. Because it is a specialist. [P3]

...I go to the hospital every three months. I feel safer
going there, too. [P5]

Individual Interviews

Overview

Four themes emerged from the interview content analysis: (1)
work overload, (2) telehealth use, (3) clinical competence, and
(4) referral practices. The themes, subthemes, and definitions
are shown in Table 4.

Table 4. Individual interviews (primary care physicians—phase B)—themes, subthemes, and definitions that emerged from content analysis.

DefinitionTheme and subtheme

Influence of work rhythm on telehealth useWork overload

Telehealth support

Experiences using telehealthActual use

Reasons for not using telehealthBarriers

Confidence in assisting patients with heart failureClinical competence

Influence of telehealth in referring patients to specialistsReferral practices

Work Overload

Professionals usually describe the work context in Brazil’s
primary care practices as being in high demand. Most practices
have a high panel size, and the teams usually must deal with
acute and programmed care. The scenario during our research
was influenced by the COVID-19 pandemic, bringing further
pressure to the practices and the political scene, where the Rio
de Janeiro municipality was adopting an austerity policy,
including staff reduction, which also played a role [78-80].
Therefore, the principal issue reported by the participants was
the lack of available time due to an overwhelming burden of
tasks and consultations:

We did not use the telehealth support because of the
work overload in our practice, a significant physician

shortage, and turnover. This jeopardized the
dissemination and utilization of the tool. [IP2]

Telehealth Support

Some participants reported a favorable experience and
advantages, such as greater confidence in managing patients
with heart failure and fewer referrals. They recognized the
initiative’s potential for quality improvement:

...discussing cases of patients with heart failure with
multimorbidity and decompensated cases provided
greater confidence in managing the case and could
reduce referrals to emergencies and specialists. [IP1]

Conversely, cardiologists sometimes took a long time to respond
to contact requests, which was considered a problem:
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When I tried to use the website, connecting was hard.
I found it slow. As other tools are available online, I
do not use them anymore. [IP3]

Clinical Competence

When asked about their ability and confidence in assisting
patients with heart failure, most physicians answered that they
could help. This finding brings about an interesting paradox
because our quantitative data showed a poor clinical baseline
status of most patients whose cases were discussed in the
project:

...no need for questioning in cardiology; therefore, I
have not used the telehealth support from the BRAHIT
project. It is worth mentioning that we have a
WhatsApp group for case discussions provided by the
municipality health department. [IP5]

Other reports mentioned a lack of interest, use of alternative
tools, or no need to use telehealth support:

...in my population, there are no patients with heart
failure needing specialist consultation, nor do I need
telehealth support for myself. [IP6]

Referral Practices

The traditional approach to treating complex cases in primary
care involves referring patients to specialized services. A total
of 16% (3/19) of the participants alleged that referring the
patient to the cardiology service would be easier. Nevertheless,

this approach may entail problems, such as low patient
attendance due to the issues described previously, such as
commuting difficulties, which are also reported in the literature
[5,81,82]:

...When I need to refer the patient to a cardiologist,
I use the referral system. So, the telehealth support
offer and objectives are still not clear to me. [IP7]

...The patients have already been managed via
referral through the referral system. [IP8]

Quantitative Results

Participants
During the videoconference phase (phase A) of the intervention,
the physicians selected 34 patient cases for discussion, of which
26 (76%) were scheduled for discussion based on the physicians’
criteria and their availability to attend the telehealth session. A
total of 27% (7/26) of these cases were not discussed for
unknown reasons. In total, 73% (19/26) of the cases were
discussed via videoconference. Follow-up data were available
from the practice’s electronic health records for 84% (16/19)
of these patients. In phase B, 64 patients from 13 primary care
practices had their cases discussed asynchronously. Of these 64
patients, 5 (8%) died, 17 (27%) did not have further consultation
records, and the remaining 42 (66%) were followed up on.
Adding both phases, 83 cases were discussed, and 58 (70%)
patients were followed up on. Participant inclusion is
summarized in the flowchart in Figure 4.
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Figure 4. Flow diagram of patient inclusion in the study and quantitative before-and-after follow-up for 1 year based on the CONSORT (Consolidated
Standards of Reporting Trials) framework for reporting clinical trials (data from August 2020 to December 2022).

Baseline Data
Regarding demographic data, the mean patient age was 61 (SD
12) years. Of the 83 patients, 52 (63%) were male, and 31 (37%)
were female; of 73 patients with available data, 30 (41%) were
White, and 28 (38%) were Black or belonged to another ethnic
minority group. The proportion of common diagnoses associated
with heart failure was similar to that in the literature except for
chronic obstructive pulmonary disease, which was reported in

only 2% (1/61) of the participants with available data, suggesting
underdiagnosis [83]. Regarding anthropometry and vital signs,
BMI and mean blood pressure and heart rate values were above
the recommended limits. Of the patients with available data,
64% (7/11) in phase A and 45% (21/47) in phase B had HFrEF.
Most patients (39/74, 53%) had poor physical status according
to the New York Heart Association classification. The data are
described in detail in Table 5.
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Table 5. Baseline demographic and clinical data of all patients included in the quantitative assessment of this study (N=83).

TotalPhase B (n=64)Phase A (n=19)Variable

61 (13; 35-89)61 (13; 37-89)58 (12; 35-76)Age (y), mean (SD; range)

Sex, n (%)

31 (37)24 (37)7 (37)Female

52 (63)40 (63)12 (63)Male

Race, n (%)

28 (38)22 (39)6 (35)Black or other ethnic minority group

30 (41)21 (38)9 (53)White

15 (21)13 (23)2 (12)Not informed

10 (12)8 (12)2 (11)Missing

Atrial fibrillation, n (%)

46 (72)33 (70)13 (76)No

18 (28)14 (30)4 (24)Yes

19 (23)17 (27)2 (11)Missing

Diabetes, n (%)

43 (62)32 (62)11 (65)No

26 (38)20 (38)6 (35)Yes

14 (17)12 (19)2 (11)Missing

COPDa , n (%)

60 (98)47 (100)13 (93)No

1 (2)0 (0)1 (7)Yes

22 (27)17 (27)5 (26)Missing

Coronary artery disease, n (%)

29 (55)22 (49)7 (88)No

24 (45)23 (51)1 (12)Yes

30 (36)19 (30)11 (58)Missing

Hypertension, n (%)

19 (24)15 (25)4 (21)No

61 (76)46 (75)15 (79)Yes

3 (4)3 (5)0 (0)Missing

Stroke, n (%)

71 (93)56 (92)15 (100)No

5 (7)5 (8)0 (0)Yes

7 (8)3 (5)4 (21)Missing

Peripheral artery disease, n (%)

71 (97)56 (97)15 (100)No

2 (3)2 (3)0 (0)Yes

10 (12)6 (9)4 (21)Missing

Dyslipidemia, n (%)

34 (55)26 (53)8 (62)No

28 (45)23 (47)5 (38)Yes

21 (25)15 (23)6 (32)Missing
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TotalPhase B (n=64)Phase A (n=19)Variable

30 (6; 19-53)c29 (6; 19-53)b32 (7; 23-49)bBMI (kg/m2), mean (SD; range)

132 (29; 90-240)b130 (29; 90-240)b138 (31; 97-220)Systolic blood pressure (mm Hg), mean (SD; range)

82 (18; 40-160)b80 (16; 40-120)b91 (21; 60-160)Diastolic blood pressure (mm Hg), mean (SD; range)

79 (18; 42-125)c79 (18; 42-121)b81 (19; 53-125)bHeart rate (bpmd), mean (SD; range)

NYHAe functional classification, n (%)

12 (16)10 (17)2 (12)I

23 (31)15 (26)8 (50)II

22 (30)21 (36)1 (6)III

17 (23)12 (21)5 (31)IV

9 (11)6 (9)3 (16)Missing

42 (18; 14-80)i43 (19; 14-80)h35 (8; 21-48)gLVEFf (%), mean (SD; range)

Heart failure classification (LVEF status), n (%)

28 (48)21 (45)7 (64)Reduced

13 (22)9 (19)4 (36)Mildly reduced

17 (29)17 (36)0 (0)Preserved

25 (30)17 (27)8 (42)Missing

1.3 (1; 0.6-8.0)k1.3 (1; 0.6-8.0)j1.3 (1; 0.7-5.1)cCreatinine (mg/dL), mean (SD; range)

aCOPD: chronic obstructive pulmonary disease.
bMissing: n=1.
cMissing: n=2.
dbpm: beats per minute.
eNYHA: New York Heart Association.
fLVEF: left ventricular ejection fraction.
gMissing: n=8.
hMissing: n=17.
iMissing: n=25.
jMissing: n=3.
kMissing: n=5.

Outcome Analysis
We used data from 58 patients available in electronic health
records within 1 year following the first telehealth interaction
to assess changes before and after telehealth. The mean
follow-up time after telehealth was 183 (SD 109; range 14-365)
days. The proportion of missing data at follow-up was very high
(mean 28%, SD 14%, varying from 1/21, 5% to 23/42, 55%
depending on the variable), precluding a precise assessment or
identification of patterns.

There was a modest change in the patients’ vital signs after
follow-up compared to baseline. The mean systolic blood
pressure was 7 mm Hg lower, the mean diastolic blood pressure

was 3 mm Hg lower, and the mean heart rate was 3 beats per
minute lower. The proportion of patients with signs of
decompensated heart failure was 63% (17/27) compared to 50%
(29/58) of patients at baseline. Of the patients with reduced
ejection fraction assessed at baseline and during follow-up, 55%
(12/22) and 55% (11/20), respectively, had prescriptions for the
3 main GDMT drug classes, which can be explained by an
increase in β-blocker (17/20, 85% to 18/19, 95%) and RAAS-I
(14/20, 70% to 15/19, 79%) prescription but a drop in the
prescription of spironolactone (16/20, 80% to 15/20, 75%).
Newer agents such as neprilysin and SGLT-2 inhibitors were
introduced during the follow-up period for 4 and 1 patient,
respectively, compared to no use record at baseline. The data
are presented in detail in Table 6.
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Table 6. Clinical data before and after telehealth support—subgroup of patients with at least one follow-up contact registered in primary care electronic
health records (N=58).

TotalPhase B (n=42)Phase A (n=16)Variable

AfterBeforeAfterBeforeAfterBefore

—183 (103; 14-
365)

—192 (99; 22-365)—a157 (109; 14-344)Days between baseline and fol-
low-up, mean (SD; range)

Heart failure classification (LVEFb status), n/N (%)

22/40 (55)22/40 (55)15/31 (48)15/31 (48)7/9 (78)7/9 (78)Reduced

6/40 (15)6/40 (15)4/31 (13)4/31 (13)2/9 (22)2/9 (22)Mildly reduced

12/40 (30)12/40 (30)12/31 (39)12/31 (39)0/9 (0)0/9 (0)Preserved

18/58 (31)18/58 (31)11/42 (26)11/42 (26)7/16 (44)7/16 (44)Missing

126 (30; 70-

260)e
133 (32; 90-240)123 (22; 70-

160)d
132 (31; 90-240)134 (43; 90-260)c136 (33; 97-220)Systolic blood pressure (mm

Hg), mean (SD; range)

80 (18; 40-

140)e
83 (19; 40-160)77 (16; 40-

109)d
80 (17; 40-120)88 (21; 60-140)c91 (23; 60-160)Diastolic blood pressure

(mm Hg), mean (SD; range)

77 (15; 43-

125)j
80 (18; 42-125)g74 (13; 43-

100)i
79 (18; 42-120)86 (20; 63-125)h85 (19; 58-125)gHeart rate (bpmf), mean (SD;

range)

Signs of decompensated heart failuresk , n/N (%)

10/27 (37)23/52 (44)5/19 (26)18/38 (47)5/8 (62)5/14 (36)No

17/27 (63)29/52 (56)14/19 (74)20/38 (53)3/8 (38)9/14 (64)Yes

31/58 (53)6/58 (10)23/42 (55)4/42 (10)8/16 (50)2/16 (12)Missing

GDMTl in HFrEFm,n , n/N (%)

9/20 (45)10/22 (45)6/13 (46)6/15 (40)3/7 (43)4/7 (57)No

11/20 (55)12/22 (55)7/13 (54)9/15 (60)4/7 (57)3/7 (43)Yes

2/22 (9)0/22 (0)2/15 (13)0/15 (0)0/7 (0)0/7 (0)Missing

β-blocker use in HFrEF, n/N (%)

1/19 (5)3/20 (15)1/12 (8)1/13 (8)0/7 (0)2/7 (29)No

18/19 (95)17/20 (85)11/12 (92)12/13 (92)7/7 (100)5/7 (71)Yes

8/27 (30)0/20 (0)4/16 (25)0/13 (0)4/11 (36)0/7 (0)Missing

MRAo use in HFrEF, n/N (%)

5/20 (25)4/20 (20)2/12 (17)1/13 (8)3/8 (38)3/7 (43)No

15/20 (75)16/20 (80)10/12 (83)12/13 (92)5/8 (624/7 (57)Yes

7/27 (26)1/21 (5)3/15 (20)0/13 (0)4/12 (33)1/8 (12)Missing

RAAS-Ip use in HFrEF, n/N (%)

4/19 (21)6/20 (30)3/12 (25)3/13 (23)1/7 (14)3/7 (43)No

15/19 (79)14/20 (70)9/12 (75)10/13 (776/7 (86)4/7 (57)Yes

6/25 (24)0/20 (0)2/14 (14)0/13 (0)4/11 (36)0/7 (0)Missing

Neprilysin inhibitor use in HFrEF, n/N (%)

16/20 (80)20/20 (100)11/12 (92)13/13 (100)5/8 (62)7/7 (100)No

4/20 (20)0/20 (0)1/12 (8)0/13 (0)3/8 (38)0/7 (0)Yes

8/28 (29)2/22 (9)3/15 (20)0/13 (0)5/13 (38)2/9 (22)Missing

SGLT-2q inhibitor use in HFrEF, n (%)

19/20 (95)19/19 (100)12/12 (100)12/12 (100)7/8 (88)7/7 (100)No

1/20 (5)0/19 (0)0/12 (0)0/12 (0)1/8 (12)0/7 (0)Yes
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TotalPhase B (n=42)Phase A (n=16)Variable

AfterBeforeAfterBeforeAfterBefore

8/28 (29)3/22 (14)3/15 (20)1/13 (8)5/13 (38)2/9 (22)Missing

aNot applicable.
bLVEF: left ventricular ejection fraction.
cMissing: n=5.
dMissing: n=13.
eMissing: n=18.
fbpm: beats per minute.
gMissing: n=1.
hMissing: n=7.
iMissing: n=19.
jMissing: n=26.
kPulmonary rales, jugular stasis, or leg edema.
lGDMT: guideline-directed medical therapy.
mHFrEF: heart failure with reduced ejection fraction.
nGDMT—at least one renin-angiotensin-aldosterone system inhibitor+1 β-blocker+1 mineralocorticoid antagonist.
oMRA: mineralocorticoid receptor antagonist.
pRAAS-I: renin-angiotensin-aldosterone system inhibitor.
qSGLT-2: sodium-glucose cotransporter 2.

Data Integration and Feasibility Assessment
The content analysis of the focus groups and individual
interviews gave us a clear view of the intervention context,
allowing us to identify some patterns. While assessing the
feasibility of the intervention, we received critical feedback.
We obtained significant insights on the implementation context
and potential barriers and facilitators for the planned intervention
to be appropriately delivered within the upcoming
cluster-randomized trial. In turn, the quantitative analysis
showed the baseline status regarding the patients’demographics
and clinical characteristics and some change tendencies in the
primary care physicians’ prescription practices after telehealth
implementation.

To draw inferences about both data types, we interconnected
the main findings and correlated them with feasibility domains
[70] when applicable. We concluded that the intervention is
feasible, with adjustments, as described in the A Process for
Decision-Making After Pilot and Feasibility Trials model items
adapting the intervention, adjusting the clinical context within
which the intervention would be delivered, and amending
elements of the trial design [71]. Practically, during the
feasibility trial, we decided to use the asynchronous telehealth
method and recruit patients discharged from hospitals and
emergency rooms in the future cluster-randomized trial instead
of only including the patients selected by the primary care
physicians. Table 7 consolidates the main findings,
interpretations, and decisions regarding feasibility in a joint
display.
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Table 7. Joint display of results and mixed methods interpretations integrating qualitative and quantitative findings.

ADePTa actionsMixed methods inter-
pretation

Qualitative resultsQuantitative resultsDomain

Setting • Adapt the interven-
tion for the setting

• The setting is
challenging, re-

• Primary care teams reported lack
of physicians in individual inter-

• Of 73 patients with
available data, 30 (41%)

conditions.quiring active in-views.were White, and 28
volvement of all(38%) were Black or • Be aware of possible

access hardships for
• The population covered by the

practice is socioeconomicallyfrom other ethnic minor- stakeholders.
vulnerable and has insufficientity groups, contrasting non-White popula-• Facing difficul-

ties, physiciansknowledge about their conditionwith the population of tions.
and care.the study. may privilege • Design cointerven-

tions to overcomepatients with eas-• The mean age of the
study participants was 61 ier access to barriers (eg, patient

education activities).care.years, 4.5 years lower
than the mean reported • Actions integrat-

ed with tele-age in Brazil of patients
with heart failure. health support

aimed at patient
health literacy
could be syner-
gic.

Recruitment capacity • Modifying the inter-
vention to include a

• The results agree
and are likely to

• Lack of awareness on the part of
the primary care physicians of

• A total of 83 patients had
their cases discussed in

nudging strategy forhave a strongtheir need for support.2 years in the practices
telehealth use wouldcorrelation.where physicians used • Work overload hindered the use

of cardiologist support withthe telehealth offer. favor recruitment.• An active search
by the researchtelehealth.• Only 1 in 15 physicians

who participated in the
• A decision was made

to include activelyteam of patients
suitable for tele-individual interviews sought out postdis-
health couldused the telehealth offer. charge patients in the
help. subsequent trial.

Assessment procedures • The intervention is
feasible and potential-

• The results agree
and are likely to

• Both teleconsultant cardiologists
and family physicians are opti-

• Identification of improve-
ment opportunities from

ly beneficial for thehave a strongmistic about using telehealth asthe baseline clinical data
clinical performance.correlation.a tool for care improvement.• Use rate of newer agents

to treat heart failure im- • Design cointerven-
tions to overcome

• Lack of awareness of support
need by some primary careproved from 0 (0%) to 5

(20%). barriers (eg, profes-physicians related to the tele-
sional education activ-health offer• Lack of effect in other

quantitative outcomes ities).
(eg, patients who were
decompensated)

Intervention delivery • The intervention is
feasible if adapted.

• The results agree
and are likely to

• Positive feedback from the par-
ticipants from the primary care

• Identification of improve-
ments related to the inter-

The intervention washave a correla-teamsvention
modified for asyn-tion.• Videoconferences were time-

consuming.
• Use rate of newer agents

to treat heart failure im- chronous communica-
tion in phase B.proved from 0 (0%) to 5

(20%).

Implementation re-
sources

• The intervention is
feasible.

• The results agree
and are likely to
have a correla-

• The feedback from teleconsul-
tants was positive.

• The upscaled offer of
telehealth was rapidly
accepted in 13 primary • The sustainability of the offer

was a concern in the cardiologist tion.care practices in phase
B. focus group.

• The telehealth offer
seemed cost-effective
and did not cause a bur-
den to the project fi-
nances.
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ADePTa actionsMixed methods inter-
pretation

Qualitative resultsQuantitative resultsDomain

• The intervention can
be tailored to include
clarification about no
access block for the
patients.

• There was an at-
tention point re-
garding the guar-
antee of access
to specialized
care.

• Content analysis of the patient
focus group revealed restrictions
regarding the intervention as it
could be a risk for prompt access
to specialized care.

• There was no refusal
from primary care
physicians to participate
in the study, although
compliance with the in-
tervention was low in
some settings.

Acceptability

aADePT: A Process for Decision-Making After Pilot and Feasibility Trials.

Discussion

Principal Findings and Interpretation
In this study, we aimed to assess the feasibility of telehealth
support from cardiologists to primary care physicians for the
care of patients with heart failure in the community setting. We
analyzed factors from the study context, stakeholders’ attitudes
and perceptions, barriers, facilitators, and possible influence on
clinical practice.

The content analysis from focus groups and individual
interviews revealed a favorable opinion when participants were
asked about telehealth. In parallel, aspects of the intervention’s
context emerged, such as the population’s socioeconomic
conditions and primary care professionals’ work environment,
collaboration with other health care sectors, and professional
educational background. Considering these aspects and others
that may ensue in different contexts is vital while implementing
and assessing telehealth interventions, as in any innovation
strategy.

The assessment of context and human factors has been described
as essential in several publications about social, complexity,
and implementation science. Therefore, the findings of this
feasibility study are consistent with the literature on complex
interventions involving knowledge-seeking behavior, including
eHealth technologies. In a review about spreading and scaling
innovation and improvement, Greenhalgh and Papoutsi [42]
add develop adaptive capability in staff, attend to human
relationships, and harness conflict productively as principles
to be followed when planning the change programs described
by Lanham et al [84]. Other reviews and editorials by Robert
et al [41], Greenhalgh et al [42,43], and Greenhalgh and Russell
[85] refer to some hardships that we also found in our study.

Phase B participants who were interviewed reported low
engagement and acceptance due to work overload. The findings
echo some reports in the literature. One specific scoping review
on shared decision-making strategies using digital health
technology in cardiovascular care points to increased work
responsibilities as the most frequently reported barrier [86].
The low perception of the relative advantage of telehealth,
present in the analysis of individual interviews, can hinder the
implementation of innovations and, therefore, must be addressed
and discussed before the implementation of telehealth [87]. This
finding contrasts with recent surveys about continuing medical
education in primary care, where the most frequent reasons for
low engagement, in addition to work overload, were the inability

to use digital tools and the difficulty in integrating the process
into the practice routine [88].

Another key finding was the patients’ preoccupation that
telehealth support could block their access to specialized
services. This points to the need to reassure the patients that
access to the focal specialists will still be available when using
telehealth. The literature does not usually describe the patients’
perspective on provider-to-provider telehealth. We believe that
including their assessment is essential and highly recommended
in feasibility studies [89].

Regarding demographic data, the patients’ mean age was 4.5
years lower than the Brazilian average reported by the National
Brazilian Registry of Heart Failure [90]. We believe that the
participants’ low socioeconomic status plays a role in this
disparity. Studies show an earlier and higher exposure to
suboptimal nutrition habits and low self-care in socially deprived
populations, anticipating the development of risk factors and
diseases that will cause heart failure [73,91]. There was also a
low proportion of participants who were female, Black, and of
other ethnic minority groups in this study, contrasting with the
more frequent use of health care services by women [92] and
the higher heart failure prevalence among Black people and
those of other ethnic minority groups [93]. The demographic
profile of our sample may indicate a selection bias by the
primary care physicians when including the patients for case
discussion. This finding is supported by other authors describing
equity discrepancies and underrepresentation of minority groups
regarding access to care [94] and research participation [95].

The quantitative analysis showed opportunities for improvement
in patient care. At baseline, more than half (39/74, 53%) of the
patients with available data had poor functional capacity. The
low rate of GDMT use may be a reason as only 55% (12/22) of
the patients with HFrEF had prescriptions according to the
recommended local and international guidelines. Unfortunately,
this phenomenon is frequently reported in the medical literature
[8,25,69,96]. We evaluate the tendency toward GDMT as
favorable, with increases in the use of all drug classes except
spironolactone, whose prescription decreased. Possible reasons
include variations in drug availability in primary care, as
physicians usually prescribe what is available for the patients
to collect for free in the practices, or the primary care
physicians’ lack of familiarity with the drug. The Change the
Management of Patients With Heart Failure registry published
by Greene et al [24] showed that mineralocorticoids were the
least prescribed drug among the 3 categories (not prescribed in
67% of the patients vs 27% and 33% of the patients not being
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prescribed RAAS-I and β-blockers, respectively). However, the
small number of participants assessed for this outcome does not
allow us to draw accurate conclusions.

Integrating qualitative and quantitative data allowed us to
foresee elements to be tailored in the forthcoming clinical trial
as we evaluated its context, stakeholders’ attitudes, and other
practicalities. We deemed the feasibility analysis positive
considering the adjustments and complementary strategies
within the research’s reach. Accordingly, we changed the
recruitment strategy, selecting patients discharged from hospitals
and emergency rooms because of heart failure instead of
depending on primary care physicians’ spontaneous use of
telehealth. We also defined the asynchronous telehealth model
as the intervention and planned the implementation of
educational activities to engage the target stakeholders [46].

Strengths
This study’s strength lies in its use of mixed methods to analyze
data integration between the participants’ opinions and the
possible changes caused by telehealth. Mixed methods are
recommended for studying the feasibility of complex
interventions such as telehealth [48]. Integrating qualitative and
quantitative data allows for a more thorough description of the
intervention’s development and provides specific answers for
researchers, allowing for a better assessment of the feasibility
domains [57,70]. Another strength was using a particular
framework for decision-making in feasibility trials considering
the context and human factors that hinder or facilitate the
intervention.

This study took place in primary care practices in Rio de Janeiro,
which is a rich environment for clinical research due to its large
dimensions, organization, and systematic use of electronic health
records [97]. Most studies about telehealth have been conducted
in high-income countries [29]. Hence, our findings will likely
be transferable within Brazil and other countries with similar
socioeconomic conditions and health care systems. Finally, we
included the patients’ vision on the intervention. Although
provider-to-provider telehealth does not directly involve patients
as participants, its ultimate goal is to improve their medical
care. Patients’ assessment of provider-to-provider telehealth
has been investigated in a few studies by some research groups
from North America [39].

Limitations
Our trial has several limitations. The first limitation related to
the study design is using a concurrent mixed methods approach
where quantitative and qualitative data are collected
simultaneously. This decision was driven by time and operability
constraints. Nevertheless, we believe that it did not significantly
affect inferences or interpretations. We relied on reports from
the literature stating that concurrent designs are frequently used
in health care research due to their efficiency regarding time
and data collection [98].

The second limitation is the occasional synchronous
communication between the primary care physicians and
cardiologists during phase B, such as WhatsApp texting and
audio and video calls. Although it was a deviation from the
planned intervention, we decided to keep it to ensure the study’s

pragmatism. The interactions were not frequent, but we
unfortunately did not track them as the measurement was not
planned in our data collection strategy.

The third limitation is the sampling strategy for the focus groups.
We had 1 focus group session with family medicine specialists
and residents, 1 with patients from study phase A, and 1 with
cardiologists. Of the 15 invited patients, only 5 (33%) attended
the session, which could limit data availability. Therefore, a
traditional data saturation assessment of the focus groups was
not conducted as described in the literature [99]. Nevertheless,
the researchers believe that the topics addressed in the focus
groups covered most aspects of telehealth feasibility. In addition,
participants mentioned other topics that enriched the content
analysis. A review by Tausch and Menold [100] describes the
advantages of “smaller focus group sizes for health research,
especially when sensitive topics are discussed...considering 4
to 6 persons to be optimal.” The aggregation of the individual
interviews, originally a separate research project, further
complemented the corpus of qualitative data and filled gaps by
including the primary care physicians involved in phase B of
the project.

The fourth limitation is that we did not include local and regional
managers of primary care practices, an essential stakeholder
category, as participants in this trial. As they deeply understand
the work process in the practices, we may have missed crucial
insights from this group. The fifth limitation concerns the
study’s transferability. Although the researchers assessed the
sample and the corpus for analysis as satisfactory, the settings
are specific to 1 practice in phase A and 1 region of Rio de
Janeiro’s primary care practices in phase B when considering
the qualitative data collection. This may limit how the results
can be generalized to other parts of the city or further geographic
spaces and contexts. Regarding the quantitative methods, the
large proportion of missing follow-up data undermines the
outcome assessment. Therefore, all conclusions about the
quantitative analysis must be seen as a trend, not a significant
result. The findings are exploratory and should be interpreted
cautiously. According to the CONSORT recommendations for
feasibility trials and pilot studies [51], determining and attaining
an adequate sample size is out of the scope of feasibility studies
as the objective is not to draw statistical significance of power;
otherwise, the subsequent trial would not be necessary. In any
case, we relied on this result to anticipate and develop mitigation
strategies for the ongoing trial, such as the active recruitment
of patients based on hospital discharge lists and the inclusion
of a more robust research team to ensure a higher participant
recruitment success rate and better data collection [46].

Harms and Risks
The intervention in this study inflicted minimal risk or
unintended effects on the participants. However, we considered
the patients’ concerns about being blocked from accessing
specialized consultations.

Conclusions
Considering the described adaptations, this study showed that
it is feasible to offer telehealth support from cardiologists to
primary care physicians to treat patients with heart failure in
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the community setting in Rio de Janeiro, Brazil. Primary care
physicians found it valuable and feasible but pointed to
hardships in engagement due to work overload. Patients were
receptive, although they might feel unsafe if they do not have
direct access to a cardiologist. Cardiologists evaluated the

intervention as an attainable opportunity to connect primary
and specialized care. Considering the needed modifications in
recruitment and educational strategies, the intervention was
assessed as suitable for the clinical trial.
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Abstract

Background: Atrial fibrillation (AF) is a prevalent chronic condition with increasing incidence worldwide. AF increases the
risks of stroke, heart failure, and myocardial infarction and imposes a substantial burden on the health care system. Cardiac
rehabilitation programs, while effective, often have low patient adherence. Recent evidence suggests that cardiac telerehabilitation,
where patients are given home monitoring devices, could enhance adherence and outcomes. The program “Future
Patient—Telerehabilitation of Patients with AF” (FP-AF) was created to assess the effects and potential benefits of cardiac
telerehabilitation on patients with AF.

Objective: The objective of this study is to explore the experiences of patients participating in the FP-AF program.

Methods: This qualitative sub-study is part of the multicenter, randomized controlled FP-AF trial, which included 208 patients.
Semi-structured interviews were conducted on 14 patients, randomly selected from participants in the intervention arm of the
FP-AF program. The patient interviews, guided by self-determination theory, focused on patients’ experiences with the FP-AF
program, including the use of telerehabilitation technologies and a web-based portal called the “HeartPortal.” Interview responses
were analyzed using NVivo software (version 14.0; QSR International), with thematic coding based on interview guides and
methodological guidance elaborated by Brinkmann & Kvale. The study adhered to ethical guidelines, with informed consent
obtained from all participants.

Results: Based on the interviews, the following themes were identified: the home monitoring devices are viewed positively by
the patients; the HeartPortal is a useful digital toolbox; patients develop new coping strategies for living with AF; the measured
values are useful for the patients; the community of practice is beneficial; and the FP-AF program creates a sense of security.

Conclusions: Participation in the FP-AF program enhanced patients’ sense of security, empowerment, and knowledge about
AF. This improvement was due largely to a combination of patients’ use of the HeartPortal and the educational sessions at health
care centers. Telerehabilitation for patients with AF may be a useful way of researching this group of patients with a focus on
rehabilitation and may be an effective means of offering rehabilitation to this group in the future.

Trial Registration: ClinicalTrials.gov NCT06101485; https://clinicaltrials.gov/study/NCT06101485

International Registered Report Identifier (IRRID): RR2-10.2196/64259

(JMIR Cardio 2025;9:e68663)   doi:10.2196/68663
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Introduction

Atrial fibrillation (AF) is a chronic cardiovascular condition
with a lifetime risk affecting about 1 out of 3-5 individuals aged
45 years or older, depending on their risk factor profile [1-3].
Risk factors for AF include weight, hypertension, physical
activity, diet, alcohol consumption, and smoking status, as well
as comorbidities such as type 2 diabetes mellitus, sleep apnea,
heart failure, and myocardial infarction [1,3]. The incidence of
AF is growing due to an aging population, improved
opportunistic screening for asymptomatic AF, and an increase
in modifiable risk factors [1,2,4]. Untreated AF is associated
with significant risks, including a fivefold increase in the risk
of stroke and heart failure, as well as a twofold increase in the
risk of myocardial infarction and excess mortality [1,5]. In
addition, AF imposes a substantial economic burden on health
care systems [6].

AF is known to negatively affect quality of life (QoL) and
restrict patients’ability to carry out daily activities [7]. However,
these negative impacts may be mitigated through patient
empowerment [8]. The World Health Organization defines
empowerment as “a process through which people gain greater
control over decisions and actions affecting their health” [9].
Health care professionals can promote patient empowerment
by implementing a patient-centered approach [10,11], with a
key focus on enhancing patients’ understanding of their
condition [11]. Patients with AF may benefit from cardiac
rehabilitation (CR) programs specifically tailored to help them
manage and live with their condition [12]. A Cochrane review
highlights that exercise-based rehabilitation for patients with
AF reduces symptoms and recurrence and improves QoL and
exercise capacity [13].

CR includes health management interventions that provide
patients with the necessary knowledge and support to manage
their disease through patient education, exercise,
risk-management strategies, and psychological support [12]. A
systematic review of educational interventions for patients with
AF states that patient education is associated with a decrease
in mortality and readmission, as well as having a positive impact
on psychological factors such as anxiety, depression, and QoL
[14]. Despite these benefits, studies have shown that adherence
to CR is low. Factors associated with lower adherence to CR
include female gender, older age, unemployment, comorbidities,
and geographical barriers [15,16].

A Cochrane review [17] comparing home-based and
center-based CR found that both types of CR were similar in
their effects on QoL, modifiable risk factors, exercise capacity,
mortality, and hospital admission. The Cochrane review found
a small but significantly higher completion rate for home-based
CR compared to the center-based CR [17].

A recent literature review by Owen and O’Carroll [18] found
that cardiac telerehabilitation (CTR) had a level of effectiveness
equal to that of center-based CR in outcomes such as physical
activity, weight, blood pressure, QoL, depression, and anxiety.
Additionally, the telerehabilitation groups’ adherence to the
rehabilitation program was higher than center-based
rehabilitation [18]. In another study, Cai et al [19] found that

patients with AF undergoing CTR had significantly increased
cardiac capacity compared to those in conventional CR. Similar
findings are reported by Pagliari et al [20], who found that CTR
led to significantly increased exercise capacity. Furthermore,
Cai et al [19] found significant improvements in health beliefs
and physical activity in both groups. These findings indicate
that CTR, which takes place in the patient’s home environment,
could be a suitable alternative to CR because it would generate
a potentially higher level of adherence to rehabilitation
programs. CTR may either supplement or serve as an alternative
to center-based CR. A CTR solution delivers one or more
rehabilitation modules directly to the patient through
technologies such as wearables, smartphones, and video calls,
allowing patients to participate from their own homes [21]. In
order to assess the effects of CTR on patients with AF, the
“Future Patient” program has been developed.

The educational CTR program “Future
Patient—Telerehabilitation of Patients With AF” was developed
through a co-creation process involving patients with AF, their
relatives, and researchers. The program was evaluated in a pilot
study by Dinesen et al [22], where it was found to be useful by
patients with AF and their relatives. In particular, our CTR
program was found to enhance patients’ sense of security,
increase their knowledge about symptom management, and
promote a community of practice that connected patients and
their relatives with health care professionals. Following the pilot
study, the FP-AF program is now being evaluated in a
multicenter, mixed-methods, randomized controlled trial, which
began enrolling patients in January 2023 and is expected to
conclude in June 2025.

This study aimed to explore the experiences of patients with
AF participating in the FP-AF program.

Methods

Qualitative Study
The present study is a qualitative sub-study within the
multicenter, mixed-methods randomized controlled trial on the
FP-AF program (FP-AF study), which includes a total of 208
patients [23]. This qualitative sub-study uses a triangulation of
data collection techniques: document analysis, patient
observation, and semi-structured interviews with patients from
the intervention group. Furthermore, a user panel was
established, with meetings held twice a year during the FP-AF
study. This study was reported in accordance with the
Consolidated Criteria for Reporting Qualitative Research
checklist [24].

Participants
Patients diagnosed with AF at the Departments of Cardiology
at Silkeborg, Viborg, and Skive Regional Hospitals (Denmark)
were assessed for eligibility for the FP-AF study. The inclusion
criteria were as follows: the patient must be diagnosed with AF;
be an adult aged 18 years or older; live in the Skive, Viborg, or
Silkeborg municipalities; live at home and be capable of caring
for themselves; and possess basic computer skills or have a
relative or friend with basic computer skills. The exclusion
criteria were as follows: pregnancy; refusal or inability to
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cooperate; patients who did not speak, read, or understand
Danish; and patients with a life expectancy of less than a year,
based on clinical judgment and underlying medical conditions.

In selecting the interviewed patients, we used a random selection
process, ensured equal distribution of females and males, and
selected those patients who had participated in the patient
education module at the health care centers. The participants
were contacted by telephone by a research assistant and invited
to participate in the interviews. In total, 18 randomly selected
patients were contacted, of whom 3 were unable to participate
on the suggested dates and 1 did not wish to participate. A total
of 14 patients were interviewed. The patients have not recieved
any compensation for their participation in the interviews.

Ethical Considerations
The FP-AF study was conducted in accordance with the Helsinki
Declaration, and all participants were asked to sign an informed
consent form before entering the study. Upon enrollment in the
FP-AF study, all participants agreed to participate in interviews
regarding their experiences with the study. The FP-AF study
has been approved by the regional Ethics Committee
(N-20220056) and is listed in ClinicalTrials.gov
(NCT06101485). Participants were informed that they have the
right to withdraw their consent at any time during the study,
and the reason for their withdrawal will also be documented if
participants so wish. An agreement on data sharing has been
established between the participants and the researchers.

Interventions
The FP-AF program is targeted at both patients with AF and
their relatives. The program consists of two modules: (1) an
education and monitoring module using telerehabilitation
technologies, lasting 4 months and (2) a follow-up module,
where the patients use their own personal devices to measure
steps and have access to the HeartPortal, lasting 3 months. Upon
enrollment, patients in the intervention group were given several
home monitoring devices, including a blood pressure monitor,
weight scale, activity tracker, electrocardiogram (ECG) monitor,
and sleep sensor. All patients had individual meetings with the
project nurses, during which they received instruction on how
to use the technologies. The HeartPortal is a web-based portal
accessible to patients and health care professionals. Project
nurses review the patients’ measurements twice a week and
have continuing contact with the patients through the
HeartPortal. Patients could give their consent to allow their
relatives to be able to access the HeartPortal. In addition,
patients and their relatives were invited to participate in an
educational course at the local health care center, covering
themes such as living with AF, recognizing symptoms of AF,
managing the disease using digital technologies, and supporting
a spouse or partner with AF. Patients in the control group
received the conventional AF education delivered in person at
the hospital. The education program consists of 4 sessions, each
lasting 3 hours. The context of the FP-AF program can be seen
in Figure 1.
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Figure 1. Context of the FP-AF program. FP-AF: Future Patient—Telerehabilitation of Patients with AF.

The HeartPortal
The HeartPortal was developed through a participatory design
process and functions as both a digital toolbox and a web-based
learning module. Patients and their relatives in the intervention
group have access to the HeartPortal, where they can receive
information about AF through text and animated short films.
They can also view visualizations of their measured data (blood
pressure, weight, steps, and sleep) and communicate via chat
and video with health care professionals at the hospital and
health care centers. The data from the ECG can be accessed on
a separate platform.

Theoretical Approach: Self-Determination Theory
The FP-AF program is based on self-determination theory
(SDT). SDT highlights motivation as an essential component
of any successful rehabilitation [25]. In this light, SDT identifies
3 basic needs for human motivation: (1) autonomy, meaning
that the patient identifies with the goals of rehabilitation and
values these goals as personally important; (2) competence,
meaning that patients believe themselves to have (acquired) the
necessary skills and knowledge to achieve their goals and
receive appropriate feedback and guidance; and (3) relatedness,
meaning that the health care professionals and social network
create an environment where the patient feels supported,
respected, and understood. To ensure continuous engagement,

the motivation must be intrinsic to the patient, such that all 3
primary needs must be supported simultaneously [25].

Document Analysis and Patient Observation
Document analysis was conducted through a systematic
evaluation of written materials, including homepages on digital
health strategies, rehabilitation policies, and homepages from
the involved health care organizations; these materials enabled
us to assemble relevant background knowledge for the context
of this study. The patient observation was conducted during the
education modules held at the health care centers, and the aim
here was to observe the quality and level of patient engagement.

Semi-Structured Interviews
Semi-structured exploratory interviews, inspired by Brinkmann
and Kvale [26], were conducted with 14 patients from the
intervention group in the FP-AF study. These interviews took
place upon the completion of the program. An interview guide
was designed in several steps: (1) Background questions were
formulated in order to start the interview, eg, the patient is asked
to present themselves and their disease; (2) based on the
theoretical framework, key themes were extracted for the
interview guide, eg, motivation, competences, and autonomy;
(3) a total of 4 interviews were transcribed, read, and coded by
2 researchers individually. After the coding, the researchers
compared the codes to ensure that they shared the same
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understanding of the codes and to ensure intersubjectivity. Via
this process, new themes and questions were identified for the
interview guide, eg, on the importance of participation in
education at the local health care center; and (4) finally, the
interview guide was pilot tested, adjusted, and prepared for use.
The interview guide covered the following themes: the use of
technologies and the HeartPortal, the patients’ experiences with
the telerehabilitation program, their AF knowledge,
competencies, communication with health care professionals,
and the perceived advantages or disadvantages of the program.

The interviews were conducted by the first (EDRJ, BSc, student
assistant) and last (BD, PhD, professor) female authors, who
have years of experience conducting qualitative research. The
interviewers had no prior personal relationships with the
patients. The interviews took place in the patients’ homes and
lasted 30‐60 minutes. All interviews were tape-recorded, and
the interviewers took notes throughout. Condensed data were
presented for a user panel in the FP-AF program. After 10
interviews, the research team agreed that they had reached a
point of data saturation, defined as the point where no new
themes or information emerged. The aim of the user panel has
been to have a panel of patients and their relatives who can give
second opinions and feedback on relevant issues in the project.
The panel consisted of 9 patients who had participated in the
FP-AF program, with new patients joining the panel as the study

progressed. Preliminary findings from the interviews were
discussed at the user panel meeting in May 2024 in order to
validate whether data saturation had been reached. After the
discussion, the patients advised the research team to conduct
more interviews. After 4 more interviews, the research team
found that no new themes or information emerged and concluded
that data saturation was reached.

Analysis of Data
A research assistant transcribed all interviews into text files
using Microsoft Word. Any identifying information regarding
the patients was removed from the transcript, and their names
were anonymized with alias names. The transcribed interviews
were then coded in NVivo (version 14.0; QSR International),
guided by the SDT theoretical framework and by interview
analysis methodologies developed by Brinkmann and Kvale
[26]. Two researchers developed the code tree, defining overall
themes and subthemes based on the interview guide, concepts
derived from the theoretical framework, and key findings from
the analysis of 3 random interviews. Before the analysis of the
interviews, the code tree was reviewed and discussed by the 2
researchers to ensure intersubjectivity. The code tree was then
used for the analysis of the interviews with a focus on the
experiences of patients with AF participating in the FP-AF
study. The data have been condensed and are presented in Table
1.

Table . Identified themes and subthemes from interviewed patients in the FP-AFa study.

SubthemesThemes

Devices have many functions • User-friendly technology (n=11)
• ECGb creates a sense of security (n=3)
• Step counter motivates me to exercise (n=5)

HeartPortal as a digital toolbox • Functions like a toolbox to navigate AF (n=5)
• Used as a communication platform with health care professionals

(n=8)
• Have not used the HeartPortal frequently (n=5)

Coping strategies for living with AF • Increased knowledge to handle own symptoms (n=12)
• Feel empowered to handle own disease (n=4)

Measured values are useful • Give an overview of own data (n=5)
• Creates a sense of security (n=6)
• Careful not to be overly concerned with measuring my values (n=2)

Community of practice • Community of practice with peers is beneficial (n=10)
• Experienced patients with AF already have the knowledge (n=2)
• Meeting and talking to other patients can increase your awareness

negatively (n=1)

FP-AF program creates a sense of security • Information provided by the health care center is useful (n=10)
• The patient education creates a sense of security (n=11)
• From a sense of unease to a sense of calm (n=2)
• Being monitored at home is beneficial (n=2)
• No need for education at health care center (n=2)

aFP-AF: Future Patient—Telerehabilitation of Patients with Atrial Fibrillation.
bECG: electrocardiogram.
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Results

The interviewed patients ranged in age from 58 to 93 (mean 70
[SD 8] years). There was an equal distribution of men and

women in the interviews, and the patients were predominantly
diagnosed with paroxysmal AF (n=11, 79%), married (n=10,
71%), had a vocational qualification (n=9, 64%), and were
largely retired (n=10, 71%). Table 2 shows the baseline
characteristics of the patients.
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Table . Baseline characteristics of patients interviewed (N=14) in the FP-AFa study.

ValueVariable

Gender, n (%)

7 (50)    Males

7 (50)    Females

Age (years), mean (SD)

70.4 (11.0)    Males

70 (5.3)    Females

Primary diagnosis, n (%)

11 (78.6)    Paroxysmal

2 (14.3)    Persistent

1 (7.1)    Permanent

Clinical parameters, mean (SD)

82 (16.5)    Weight (kg)

171.6 (9.7)    Height (cm)

127.6 (12.5)    Systolic blood pressure (mmHg)

84.1 (8.3)    Diastolic blood pressure (mmHg)

62.6 (10.4)    Pulse (beats/min)

58.2 (6.7)    Ejection fraction (%)

1.9 (1.4)    CHA2DS2VASc score

Secondary diagnosis, n (%)

1 (7.1)    Heart failure

6 (42.9)    Hypertension

1 (7.1)    Peripheral arterial disease

1 (7.1)    Aortic plaques

5 (35.8)    No secondary diagnosis

Civil status, n (%)

1 (7.1)    Single

10 (71.4)    Married or living with a partner

3 (21.4)    Widow or widower

Education, n (%)

3 (21.4)    Unskilled worker

7 (50)    Skilled worker

4 (28.6)    Master’s degree

Work status, n (%)

1 (7.1)    Works under 20 hours/week

1 (7.1)    Works 20‐36 hours/week

2 (14.3)    Works full time 37 hours/week

10 (71.4)    Retired

aFP-AF: Future Patient—Telerehabilitation of Patients with Atrial Fibrillation.
bCHA2DS2VASc score: used to assess the risk of stroke in individuals with atrial fibrillation (C: congestive heart failues, H: hypertension, A: age 75
or above (2 points), D: diabetes mellitus, S: stroke/TIA/thromboemolism (2 points), V: vascular disease, A: age 65-74 years, Sc: sex category female).
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Findings
In total, 7 overall themes were generated: “Devices have many
functions,” “HeartPortal as a digital toolbox,” “Coping strategies
living with AF,” “Measured values are useful,” “Community
of practice,” and “FP-AF program creates a sense of security.”
Each theme generated several subthemes, which include a
representative patient quote identified with an ID number. Table
1 gives an overview of the overall themes and subthemes
generated from the interviews.

Devices Have Many Functions for the Patients
The theme “devices have many functions” explores the patients’
experiences with using the various monitoring instruments,
which include a blood pressure monitor, weight scale, activity
tracker, ECG monitor, and sleep sensor. Overall, patients stated
that the devices were user-friendly and easy to set up:

I found using the technologies easy; it did not bother
me at all. It was easy to use, and did not require great
knowledge. [ID580]

The device mentioned most frequently by the patients was the
ECG monitor, as the patients found it to create a sense of
security:

I missed it when they took it away from me. Being
able to measure my heart rhythm was very reassuring.
[ID580]

I can imagine that most people, including me, find
the ECG important. It was the device I was most
pleased about. [ID666]

The patients also found that the devices motivated them to
exercise more. This was particularly true of the step counter:

I keep track of my steps during the day. It has become
a goal to walk 10,000 steps every day. [ID726]

These statements indicate that the devices were well-received
by patients for their ease of use and functionality. The ECG
monitor, in particular, provided reassurance and was valued
among the patients. In addition, the activity tracker motivated
patients to increase their physical activity, suggesting that these
devices can positively impact health behaviors and enhance
patient engagement.

The HeartPortal as a Digital Toolbox
The theme “HeartPortal as a digital toolbox” explores the
patients’ experiences using the HeartPortal. Several patients
found that the HeartPortal functioned like a toolbox for
navigating their AF:

The HeartPortal has functioned like a toolbox, I used
it in connection with the preliminary consultation I
had before my ablation, where I watched the videos
on the portal. [ID789]

It’s nice to have everything gathered in one place. I
have been in dialogue with the project nurse a few
times, and I used it to keep track of my measurements.
[ID684]

In addition to serving as a toolbox for managing AF, patients
found the HeartPortal to be a useful communication platform

for communicating with health care professionals.
Communication through the HeartPortal was viewed as more
time-efficient, allowing patients to ask questions directly without
needing to communicate through multiple intermediaries when
an immediate answer was not required:

I have been in contact with the project nurse through
the HeartPortal… We don’t have to call and steal
each other’s time, so I think it’s great for those
questions where you don’t need an answer right away.
[ID674]

The platform functions like a direct line where you
can skip your doctor and a secretary at the hospital.
With medicine and such, I believe that it has helped
to make me calmer. [ID623]

Nevertheless, some patients did not find that they had used the
HeartPortal frequently. Some stated that they had not
experienced AF during the project and therefore did not feel a
significant need for the platform:

I have not used the HeartPortal so much during the
project. I have written a couple of messages to the
project nurse, but I have not had AF during this
period, so I have not really felt the need for it. [ID666]

Others mentioned that they were not accustomed to electronic
data processing and therefore had not used the HeartPortal:

I have not really used the HeartPortal. I am not used
to EDP. I could have done more, but I may not have
had the biggest need. [ID674]

The patients’ use of the HeartPortal indicates that the platform
is a valuable tool for many patients, as it helps them manage
their AF and facilitates easier communication with health care
professionals. The communication part of the platform is
especially appreciated for non-urgent communication with health
care professionals. However, the usage of the HeartPortal varies
among the patients, with some patients not feeling the need for
it during the period of the study and others being less
comfortable using digital communications due to a lack of digital
literacy. This suggests that even though the HeartPortal is
beneficial for patients, its use may be enhanced by addressing
the needs of the individual patient regarding their confidence
in the use of digital tools.

Coping Strategies Living With AF
The theme “Coping strategies living with AF” explores the
FP-AF program’s effect on patients’ coping strategies. Nearly
all the interviewed patients reported gaining greater knowledge
of how to manage their AF symptoms. One patient stated that
the program created a curiosity about her AF:

I have learned a lot, and I have gained a greater
knowledge of my illness since using the technologies…
it has created a curiosity in relation to my illness, in
which I’ve obtained a better understanding. [ID674]

In addition, some patients stated that their participation in the
FP-AF program made them feel more empowered to manage
their AF:
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I feel like I’m capable of handling my AF.
Participating in the project has given me a sense of
calm. [ID580]

These findings indicate that the FP-AF program has had a
positive impact on patients’ abilities to cope with their AF, as
it has provided them with increased knowledge of their
symptoms and created a sense of security, if not empowerment.

Measured Values Are Useful
The theme “Measured values are useful” explores patients’ use
and attitudes toward the data overview provided by their
measured values. Patients felt that the measured values created
a clear overview of their condition, with one patient noting that
this overview even helped her lose weight during the program:

I looked a lot at the graphs of my blood pressure and
weight, and so on. I actually lost a lot of weight
during that time. [ID580]

Furthermore, the patients also found that having an overview
of their data created a sense of security:

What I’m doing now, measuring all these values, helps
me… I immediately feel better, it has created a sense
of security. [ID684]

I couldn’t sleep before I got the ECG measure. It
created a sense of security being able to see how
everything was going. [ID580]

Of the 14 patients, 2 expressed concern regarding measuring
their data. They did not want to become anxious about
measuring their values. One patient stated that measuring your
values could make you sick:

I would not be measuring my values if not for this
project. I do not think you should seek out illness, it
can make you sick. [ID686]

These perspectives indicate that while many patients find value
in the data overview provided by their measured values, and
that this may lead to positive outcomes such as weight loss and
increased security, there were also concerns about the potential
for increased anxiety and over-monitoring.

Community of Practice
The theme “Community of practice” explores patients’
experiences in the FP-AF program, with a focus on the
educational benefits of engaging with peers who also have AF.
Many patients found it particularly helpful to learn from and
share experiences with others in a similar situation. This
community-based learning helped patients gain a greater
knowledge of AF and how it affects individuals differently.

The dialogue with other patients is a big part of the
education at the healthcare centres. You learn a lot
by talking to others about how they’re feeling and
how it affects them. [ID742]

I got so much smarter from being with other people
with the same illness. I feel it in my way, but others
feel it in a completely different way, something you
don’t know when you’re all alone. [ID766]

For patients with AF who were already well-informed and not
severely impacted by their AF daily, the program’s educational

aspects were less useful. Some felt they did not gain new
knowledge, as they were already comfortable managing their
AF:

The project has not contributed anything new for me,
as I am very oriented about it. I have had AF for many
years and acquired a lot of knowledge. [ID703]

Another patient stated that she felt secure in managing her AF
from the beginning and thus did not see the need for the
educational program:

I felt safe in my illness right away and didn’t feel like
reading any more about it. [ID623]

For this patient, participating in the program would only lead
to her focusing on issues that were not at all problematic:

You can end up focusing on things that might not
actually be an issue.

[ID623]

These findings indicate that the community of practice proved
beneficial for most patients in enhancing their understanding
of AF. Those patients with AF who were more confident in
managing their disease may have felt that the program was
unnecessary for them compared to others who are less familiar
with their condition. Furthermore, there is a concern that
participation in the program could lead to unnecessary focus
on potential issues of little relevance to the patient. The
differences among patients with AF indicate a need for tailored
interventions that can incorporate the varying levels of their
pre-existing knowledge and experience.

FP-AF Program Creates a Sense of Security
The theme “FP-AF program creates a sense of security” explores
the overall experiences of patients participating in the program.
Most patients found the education at the health care center
beneficial:

I am very satisfied and feel that I have received
everything and more during the 4 days of instruction.
I don’t think there’s anything missing or lacking in
the course. Not in relation to the teaching’. [ID789]

Patients also reported that the lectures at the health care center
significantly contributed to their sense of security:

The sense of security that it has given me is worth its
weight in gold. [ID666]

A few patients noted that the project had given them a sense of
calm regarding their AF:

At the beginning of my AF, I was in a dark place, and
I was scared to walk alone. Today I can walk alone,
and I walk 10 kilometres every second day. I am well
now… being in the project gave me peace. [ID580]

Some patients also stated that home monitoring was beneficial
because it reduced the need for hospital checkups:

You can be monitored at home and don’t need to go
to the hospital for check-ups so often. This is
especially good for elderly people, who may not have
a convenient way to transport themselves. [ID635]

JMIR Cardio 2025 | vol. 9 | e68663 | p.216https://cardio.jmir.org/2025/1/e68663
(page number not for citation purposes)

Joensen et alJMIR CARDIO

XSL•FO
RenderX

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


Not all the patients saw the need for the education at the health
care center as necessary, however.:

I don’t take part in the patient education in the
healthcare centre. For me, I don’t find it necessary
to talk about my illness once a week. I’ve come to
terms with it being the way it is. [ID726]

These perspectives indicate that for most patients, the FP-AF
program provides benefits in terms of education, security, and
community support. The lectures at the health care center and
interactions with other patients help the patients create a sense
of security and understanding about their condition. However,
the program’s value varies among patients, with some not
feeling the need for weekly discussions or community
engagement. Home monitoring is also found beneficial,
particularly for those who find it difficult to travel to the
hospital.

Discussion

Principal Findings
This study has explored the experiences of patients with AF in
participating in the FP-AF program intervention arm. For most
patients, the FP-AF program created an enhanced sense of
security and empowerment and improved their knowledge of
AF. The lectures at the health care center added to their
knowledge and sense of security, while the community of
practice with peers increased the patients’ understanding of the
individuality of AF. Patients found the technology user-friendly,
and the HeartPortal’s data overview further increased their sense
of security and motivated them to additional exercise. However,
the interviews also revealed that some patients felt that they did
not benefit from the education at the health care centers.

These findings are consistent with existing literature that
highlights the importance of a community of practice and
interaction with health care professionals in the rehabilitation
process [27-30]. Kenny et al [27] highlighted the important role
of a support network, particularly from staff, and noted patients’
dissatisfaction with limited interaction opportunities with peers.
Similarly, Anttila et al [28] emphasized that connecting with
others is a crucial component of the rehabilitation experience.
Furthermore, Lunde et al [29] found that a supportive individual
behind a smartphone app is vital for promoting healthy behaviors
following rehabilitation.

The study also revealed that the devices used in the FP-AF
program were well-received and appreciated for their
user-friendliness and functionality. The devices provided
patients with a sense of security and motivated them to exercise,
indicating a positive impact on health behaviors and patient
engagement. These results align with Kenny et al’s [27] results,
which showed that self-monitoring tools such as heart rate
monitors, blood pressure monitors, and activity trackers
improved patients’ insights into their physical condition and
allowed them to track their progress, thereby enhancing their
psychological well-being. This is further supported by Olofsson
et al [31], who found that self-monitoring enhanced patients’
understanding of their symptoms and contributed to a higher
level of autonomy [31]. In addition, patients reported that the

FP-AF program made them feel empowered to deal with their
AF through increased knowledge of their illness, a finding that
aligns with Kenny et al’s study, which found that CTR
empowered patients and resulted in greater knowledge and
involvement in their recovery process [27]. Similarly, Su et al
[32] found that CTR enhances patient knowledge and
empowerment by equipping them with skills to modify their
behavior and address everyday challenges.

The HeartPortal was identified as a valuable tool for many
patients, serving as a tool for the management of AF and as a
platform for easier communication with health care
professionals. This finding supports Kenny et al’s [27]
observation that patients value the ability to contact health care
professionals as needed, highlighting the importance of both
digital tools and in-person support.

The FP-AF rehabilitation program was based on SDT, where
motivation is seen as a key component in any successful
rehabilitation [25]. The findings in this qualitative sub-study
highlight how the FP-AF rehabilitation program appears to
fulfill the needs for autonomy, competence, and relatedness
[25]. The program allowed patients to take control of their
health, provided patient education and a community of practice,
and gave patients useful tools and knowledge to manage their
AF. However, a few of the interviewed patients expressed
concerns about the self-monitoring aspect of the program, noting
that it could lead to excessive focus on issues that may not be
relevant, potentially increasing symptoms of anxiety. The
relationship between self-monitoring and anxiety is complex,
with heterogeneous findings across studies. For instance,
Rosman et al [33] found that a self-management program
incorporating self-monitoring reduced symptoms of anxiety
among patients with AF. Research in other populations,
however, such as those with diabetes and heart failure, found
no effect of self-monitoring on psychological factors [34,35].

In summary, the study highlights the need for a balanced
approach in CR programs that combines digital tools and home
monitoring with in-person support and community interactions.
A comprehensive rehabilitation program for patients with AF
should effectively combine these digital and interpersonal
elements to enhance the overall patient experience and
outcomes.

The present study also revealed that some patients did not
benefit from the FP-AF program. This aligns with Vonk et al’s
[36] findings that some patients did not participate in CR
because they did not feel the need for additional supervision or
see benefit in the program’s trajectory. Furthermore, Vonk et
al [36] found that some participants were reluctant to participate
in the group meetings connected to CR, as they did not want to
hear about other people’s problems. In the present study, some
patients were less comfortable with the use of these digital
technologies due to limited technical literacy, which may have
affected their ability to participate in the FP-AF program.
Research suggests that the degree of digital literacy may
influence the likelihood of patients using telehealth technologies
[37-39]. Moreover, factors such as age, socioeconomic status,
race, and eHealth literacy have been found to influence patients’
engagement with these technologies [38,40]. Hesitancy to use
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telehealth technologies may be rooted in several factors,
including difficulties operating the technology, lack of access,
poor quality of telehealth appointments, and a preference for
in-person care [41]. These insights suggest that while the FP-AF
program offers valuable benefits for many patients, its
effectiveness may vary based on the individual patient’s
pre-existing knowledge and experience in managing their
condition. Future telerehabilitation for patients with AF needs
to tailor interventions to better address the needs of the patients
at different stages of managing their condition.

Limitations
The interviewed participants were recruited with the criteria of
having participated in the patient education at the health care
centers, which may introduce selection bias. We evaluated
patients over a short period of time, and since AF is a chronic
condition, a longer follow-up period could have been beneficial
for exploring the long-term effects of telerehabilitation.
Furthermore, it should be noted that the majority of the
interviewed patients had high levels of education, which may

have impacted the results, as this patient group may have been
more comfortable with the digital toolbox and able to use it
more fully. This study is conducted in a Danish context, so the
findings might not be applicable in all countries globally.
Another limitation is that the interviewers were affiliated with
the FP-AF study, which may have introduced response bias, as
participants might have responded in ways they thought were
more desirable.

Conclusions
Participation in the FP-AF program enhanced patients’ sense
of security, empowerment, and knowledge about AF. This
improvement was due largely to a combination of patients’ use
of the Heart Portal and the educational sessions at health care
centers. Telerehabilitation for patients with AF may be a useful
way of researching this group of patients with a focus on
rehabilitation. Telerehabilitation for patients with AF may be
an effective means of offering rehabilitation to this group in the
future.
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Abstract

Background: Cardiac rehabilitation (CR) is essential for recovery from cardiovascular disease. However, patients often encounter
challenges in navigating the transition from acute hospital care to CR. Mobile health (mHealth) technologies may support this
critical phase; however, evidence regarding their clinical practice remains limited. The HERO app (developed by REDOX GmbH)
was developed to address the needs of patients with cardiovascular disease for orientation, emotional support, and motivation
during this transition.

Objective: This study aims (1) to explore how mHealth technologies tailored for patients with cardiovascular disease can support
their needs regarding orientation, emotional balance, and motivation during the transition from the acute hospital to CR and (2)
to evaluate the user experience and acceptance of the HERO app as targeted pathway support.

Methods: A mixed methods study was conducted with patients with cardiovascular disease using study diaries, questionnaires,
and semistructured interviews. Participants were purposively recruited in acute hospitals and rehabilitation settings. Quantitative
data were analyzed descriptively, and qualitative data were analyzed using content analysis after Mayring.

Results: Eight participants used the app for an average of 14 (range 4-23) days. The app was perceived as a helpful short-term
resource. It supported patients in understanding their condition, planning for CR, and regaining motivation. Participants highlighted
the value of combining objective information with peer experiences. Suggestions for improvement included more personalized
self-management guidance and a precise onboarding process to increase accessibility and usability.

Conclusions: Based on the findings, we propose 4 pillars of mHealth support for cardiac care transitions, including timely
access, actionable guidance, peer support, and short-term usability. These pillars could inform the design of patient-centered
mHealth tools for care transitions.

(JMIR Cardio 2025;9:e76089)   doi:10.2196/76089

KEYWORDS

cardiac rehabilitation; mHealth; digital health; empowerment; patient transitions; telemedicine; transitional care; usability; mobile
health

Introduction

Cardiac rehabilitation (CR) is highly recommended by
international guidelines as a class 1 indication for many patients
with cardiovascular disease, for example, after an acute
myocardial infarction [1]. However, participation rates are low,
with approximately only 34% of eligible patients globally taking
up CR [2]. Missing out on rehabilitation can have profound
implications on patients’ long-term morbidity and mortality [3].
Early uptake of CR after hospitalization is beneficial to mitigate

potential uncertainty about the cardiac condition, for example,
by learning coping strategies [4,5]. Nevertheless, transitions
from the acute hospital to rehabilitation often include multiple
steps and can be complex and challenging for patients [6,7].

In a previous study, we found that after discharge from the acute
hospital, patients experience primarily three needs: (1) a "need
for emotional balance" to reflect on the cardiac event and the
time in the hospital; (2) a "need for orientation" to get to know
and consider follow-up care options, such as CR; and (3) a "need
for motivation" for a healthy lifestyle, including the participation
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in CR [8]. Adequate and timely information can help address
these needs, but clinical practice to date fails to address these
needs and implement effective solutions [9,10].

Information provision should ideally commence early after an
acute cardiac event to increase patients’confidence in managing
their condition and improve the likelihood of CR uptake [10].
However, access to reliable information sources is often limited
to the patients’ hospital stay, as health care professionals are
their primary information sources [11,12]. Previous research
indicated a mismatch between the amount of information health
care professionals provide and patients’ ability to capture it
[13]. Information provision during hospitalization is also often
provided verbally and low-technology methods, constraining
the possibility of rereading and processing beyond patients’
hospital stay [13].

After discharge, patients often struggle with self-assessing their
physical capacity and adopting healthy behaviors, such as dietary
changes, exercising, and smoking cessation [14]. During this
critical step in the patient pathway, patients need to know how
to self-manage their condition. Peer support, goal setting, and
access to health services can be adequate resources for patient
support [13]. Mobile health (mHealth) technologies have the
potential to provide access to reliable information beyond
patients’ acute hospital stay and, therefore, widen the time
window for processing information [13]. They could offer
tailored information according to the rehabilitation progress,
adapted to patients’health literacy and individual care pathways
across health care sectors [8,11,15].

Several studies found evidence that mHealth could increase
patients’ knowledge and, thereby, empower them to actively
participate in their care process and decision-making [16-19].
Vardoulakis et al [19] provide an example of how a smartphone
app can affect patients’knowledge by providing layman-friendly
health information. The interaction with the app increased
patients’ knowledge about their care plan and allowed them to
actively participate during daily ward rounds, for example, by
asking specific questions [19]. Also, the patients appreciated
that the app removed dependence on health care professionals
to provide information. Being aware of the possibility to reread
details had a calming effect on them [19].

Despite the potential for effective mHealth support, there is a
lack of evidence about digital support for intersectoral, multistep

patient pathways. Related studies often focus exclusively on
specific health care touchpoints, such as outpatient care or
long-term lifestyle adjustments [20-22]. Less is known about
the targeted support needed during phases when patients find
themselves between 2 health care touchpoints. In light of this,
we developed the “Dein Weg zur Reha” (“Your pathway to
rehabilitation”) smartphone app (HERO app) to support the
evolving needs of patients with cardiovascular disease along
their care pathway [8].

This exploratory field study investigated how an mHealth
technology, such as the HERO app, could address the
informational and emotional needs of patients during critical
transitions from the acute hospital to CR. The objectives of this
study were (1) to explore how mHealth technologies tailored
for patients with cardiovascular disease can support their needs
regarding orientation, emotional balance, and motivation during
the transition from the acute hospital to CR, and (2) to evaluate
the user experience and acceptance of the HERO app.

Methods

Overview
This exploratory field study investigated how the HERO app
could support patients with cardiovascular disease during their
transition from the acute hospital to CR. To capture user
experiences from a naturalistic use setting and to assess the
app’s sociotechnical context [23,24], we integrated the app into
the patient pathway after hospitalization.

The HERO App for Tailored Patient Support
This study builds on previous research, including a contextual
inquiry [6] and an in-depth understanding of the needs of
patients with cardiovascular disease along care pathways [8].
The results informed the development of the HERO app, which
aims to address patients’ needs along their care pathway by
providing necessary and reliable information. Figure 1 illustrates
the HERO app interface and its application context within the
patient pathway, mapped along the domains of the NASSS
(Nonadoption, Abandonment, Scale-Up, Spread and
Sustainability) framework, including technology, users,
organization, and wider system. Multimedia Appendix 1 presents
a video walkthrough of the app.
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Figure 1. The HERO app and its use context. mHealth: mobile health.

In the following, we describe the HERO app according to the
domains of the NASSS framework, developed by Greenhalgh
et al [25]. The NASSS could be used to understand and evaluate
the challenges of implementing technologies in health care
systems.

The app was developed using React Native and is provided as
an Android Package Kit (mobile app). It requires a minimum
operating system version of Android 5.0. Users must have an
Android smartphone and an active internet connection to access
the app and linked content.

The target users of the HERO app are individuals with
cardiovascular disease for whom CR is medically indicated and
recommended. Informal caregivers and relatives could also
benefit from the information provided in the app. In addition,
health care professionals may find the app valuable as it offers
a time-saving method for delivering information and educational
content during daily ward rounds. The app is designed to provide
self-explanatory content and intuitive navigation, ensuring that
health care professionals do not need to spend time introducing
patients to its use.

The HERO app is a standalone mHealth technology and can be
used offline and without entering personal data to avoid potential
privacy concerns. The decision to design the app without
requiring interoperability with other technologies on a patient
ward was intentional to be easily downloaded onto patients’

smartphones without complex integration into hospital
infrastructure.

The home screen presents a visualization of a patient pathway
from hospital to CR, including the 3 steps “Hospital,” “Home,”
and “Rehabilitation” [26]. Within these 3 steps, users find
evidence-based information about CR and experiential
knowledge in videos with testimonials from 2 former CR
participants [27,28]. The app offers most content bilingually in
German and English to accommodate users with different
language preferences within the Austrian health care context.
The content changes from step to step to meet the temporal
dimension of patients’ information needs and processing [8,11].
We also included a “backpack” function, in which users can
save preferred information and take notes, taking these with
them from one step to the next.

Recruitment Strategy and Inclusion Criteria
We recruited patients with cardiovascular disease between
August 2024 and March 2025. Following a purposive sampling
strategy, participants were recruited by 2 gatekeepers in hospitals
located in different federal states in Austria. The gatekeepers
were personal contacts of the project lead and senior physicians
in cardiology wards. The gatekeepers screened patients against
the inclusion criteria and provided them with a flyer about the
study, contact details of the project lead, and a web link to sign
up for the study. Patients could also give their telephone
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numbers and agree to be contacted by the project lead for
recruitment purposes. After the patients gave written consent
to participate in the study, they were provided with a study diary
and a link to download the app on their smartphones.

Inclusion criteria were hospitalization due to a recent acute
cardiac event, a newly diagnosed cardiovascular disease with
an indication for attending or currently attending CR in Austria,
using a smartphone with an Android operating system, and
willingness to install the HERO app on that phone. Exclusion
criteria were using a smartphone with an iOS operating system,
age less than 18 years, inability to give informed consent, or
inability to participate due to the health condition. The
recruitment proved to be exceptionally challenging in the
hospital setting. A notable barrier was the limitation that the
HERO app was only available for Android. Many eligible
patients used iPhones (Apple Inc) and declined the offer to
borrow an Android phone during the study period. Further
reasons included participation in other studies and limited
physical or mental energy to participate in research. In some
cases, patients could not be reached again after initially
expressing interest. Therefore, we decided to broaden the
inclusion criteria to also include individuals who were currently
participating in a CR program in an outpatient rehabilitation
center.

Quantitative and Qualitative Measures
For the app-testing phase, participants received a paper-based
study diary. It included onboarding activities to get to know the
features of the app, such as “Save a relevant information card
in the backpack” or “Go to the ‘Hospital’ and watch a video.”
Participants were asked to complete the AttrakDiff questionnaire
for user experience [29], the Unified Theory of Acceptance and
Use of Technology 2 (UTAUT2) questionnaire for user
acceptance [30], and a questionnaire about the frequency of app
use. In addition, open questions and space for notes were
included to encourage reflection on the overall user experience
and interaction with the HERO app. After the app-testing phase,
we conducted semistructured interviews with the participants
to capture their experiences with the app and to explore to what
extent the app had an impact on their pathway to CR. For
participants who were recruited during their CR program,
interview questions were framed to encourage hypothetical
reflection on how the HERO app might have supported them
during the earlier transition phase. The interview guide can be
found in Multimedia Appendix 2. All interviews were conducted
by the project lead and were audiotaped. The interview language
was German, and illustrative quotes for the “Results” section
of this paper were translated into English.

Dataset and Analysis
The quantitative dataset consisted of the AttrakDiff, UTAUT2,
and frequency of use questionnaire. This data were analyzed
descriptively using Excel software (Microsoft). The qualitative
dataset consisted of participants’ diary entries and 193 minutes
of interview recordings (mean 24; range 13-40 minutes). Audio
recordings were transcribed verbatim by the project lead and
supported by f4x software (Dr. Dresing & Pehl GmbH). To
protect participants’ confidentiality, identifying information
was removed and data were pseudonymized prior to analysis.
The transcripts were analyzed following qualitative content
analysis after Mayring [31], a structured approach to
systematically categorize qualitative data. To begin, we defined
a coding guide with overarching categories (Multimedia
Appendix 3). These categories were derived from our research
questions, our previous study on patient needs [8], and the
perception of user experience provided by Hasselzahl et al [32].
Categories were then applied to the data and further refined
inductively into subcategories to achieve a fine-grained analysis.
In line with Mayring [31], we defined the “coding unit” [31] as
multiple words sharing a common meaning to ensure a
consistent coding approach. The “context unit” [31], which
provided interpretive background, included the entire interviews,
diary entries, and demographic questionnaires. Finally, we
considered the “analysis units” [31] to be the diary entries and
the questionnaire responses. The paraphrased transcripts were
then coded with the category system by the project lead,
supported by MAXQDA 2022 software (VERBI Software).
The category system and interpretations were discussed within
the research team to ensure consistency and reliability.

Ethical Considerations
The study was reviewed by the research ethics committee of
the Ludwig Boltzmann Gesellschaft in Austria and received a
favorable opinion (reference 014_2024). All patients gave
written consent to participate in the study. After study
completion, they received a compensation of €30 (US $35.17).

Results

Overview
In the following, we present participant characteristics (Table
1) and overall feedback on the HERO app’s usability, aesthetics,
and use context. We provide insights into the five key themes
that emerged from the data: (1) Considering and preparing for
cardiac rehabilitation, (2) enhancing motivation to return to
daily activities, (3) supporting sense-making of the cardiac
event, (4) ensuring timely and location-independent access to
the app, and (5) improving self-management guidance and
addressing information gaps.
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Table . Participant characteristics and interview settings.

Interview settingParticipated in

CRa
Year of diagno-
sis

Cardiovascular
diagnosis

ProfessionAge (years)SexID

Face-to-face in-
terview at his
home before he
started CR

Yes (first time)2024Myocardial in-
farction, status
post stent implan-
tation

Insurance em-
ployee

54MaleP01

Telephone inter-
view before he
started CR

Yes (first time)2024Myocardial in-
farction, status
post stent implan-
tation

Company techni-
cian

59MaleP02

Telephone inter-
view after he de-
cided not to par-
ticipate in CR

No2019Myocardial in-
farction, status
post stent implan-
tation

Artist, retired
teacher

74MaleP03

Telephone inter-
view during CR

Yes (first time)2024Acute coronary
symptom

(NSTEMI)b

Kindergarten
teacher

54FemaleP04

Face-to-face in-
terview during
CR

Yes (first time)2024Peripartum car-
diomyopathy,
functional mitral
insufficiency

Teacher32FemaleP05

Face-to-face in-
terview during
CR

Yes (second
time)

2012Myocardial in-
farction, status
post stent implan-
tation

Retired coach
for corporate de-
velopment

66MaleP06

Face-to-face in-
terview during
CR

Yes (fourth
time)

2012Coronary heart
disease

Retired medical
technical assis-
tant

77FemaleP07

Telephone inter-
view during CR

Yes (first time)2024Coronary heart
disease

Logistics manag-
er

57MaleP08

aCR: cardiac rehabilitation.
bNSTEMI: non-ST-elevation myocardial infarction

Participant Characteristics
The study population consisted of 8 participants who were
recruited in 3 different federal states in Austria. The mean age
was 59.1 (range 32-77) years, and the majority were male (5
self-identifying males and 3 self-identifying females). A total
of 4 participants were recruited during hospitalization and 4
during their CR program. While 2 participants were referred by
the hospital staff, 4 were referred by their general practitioner
or by their internist, and 1 initiated and administered the referral
himself. For CR attendants who were hospitalized, the average

time between discharge and the start of CR was 69 (range
24-165) days. Overall, 5 participants attended CR for the first
time, 2 had attended CR previously, and 1 declined CR
participation.

Overall Feedback on Usability, Aesthetics, and Use
Context
The participants used the HERO app for 14 (range 4-23) days
on average. Users’ UTAUT2 and AttrakDiff ratings are
presented in Table 2. The users stated that the app use slightly
became a habit (median 4, IQR 1-5).
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Table . Unified Theory of Acceptance and Use of Technology 2 (UTAUT2) and AttrakDiff ratings from study participants (n=8).

Median (IQR)Questionnaire (score range) and dimension

UTAUT2 (range 1 to 7, higher score indicating better user acceptance)

4.0 (1-5)    Habituation

4.5 (2-6)    Perceived usefulness

6.0 (3-7)    Acquired knowledge

2.5 (1-6)    Intention to use

5.0 (4-6)    Experienced enjoyment

AttrakDiff (range –3 to 3, higher score indicating better user experience)

2.0 (–3 to 3)    Pragmatic quality

0.5 (–3 to 3)    Hedonic quality–stimulation

1.0 (–1 to 3)    Hedonic quality–identity

1 (–1 to 3)    Attractiveness

The low intention to use the app in the future (median 2.5, IQR
1-6) contrasts with generally positive ratings for usefulness and
enjoyment (Table 2). This arguably reflects the app’s short-term
intended use rather than dissatisfaction. Some individuals
described the app as a “tool” (P06) used mainly between
discharge and the start of CR, after which it could be set aside.
For example, participant “P04” indicated that she consulted the
app multiple times at home but discontinued use once CR
started, as she no longer had the time or a need for it.

Most participants reported having the necessary knowledge to
use the app (median 6, IQR 3-6). Only participant “P03”
expressed skepticism about digital technologies in general and
a lack of familiarity with installation and navigation. The
pragmatic quality ratings varied (median 2, IQR –3 to 3),
indicating different perceptions of user-friendliness and
functionality. Most participants emphasized the app’s
straightforward design and ease of use, noting that its user
guidance was largely self-explanatory. This would make the
app “easy to handle even for patients in a hospital bed” (P05).
Participant “P06” reported a technical difficulty, as he was
unable to open a web link in the app. Regarding the app design,
some participants found the mascot, graphics, and color scheme
“visually appealing and beautiful” (P08) while others considered
that older users may not connect with the design. These opinions
were reflected in the attractiveness ratings (median 1, IQR –1
to 3).

Considering and Preparing for Cardiac Rehabilitation
Both the videos and informational content helped users
understand CR as a key component of their recovery from the
cardiac event and validated the decision to attend CR or not.
The representation of the pathway signposted out the way to
CR step by step, offering a sense of security and direction.
Participants “P05” and “P08” proposed to even extend the
pathway and include tips for navigating the phase following a
CR. For most participants, however, the app represented a guide
for CR preparation. The note-taking feature enhanced this by
nudging them to record relevant details. Participant “P01”
described being called by the CR center and told his program

would start in a few days. Overwhelmed, he used the app to
gather necessary information and write a packing list:

The app was really helpful. I got admitted so quickly.
[…] For me it was just: hurry up and pack! […] So
I sat down, looked through the app, and it showed me
everything I needed. [P01]

The link to the “rehabilitation compass,” an official website in
Austria that informs about rehabilitation options near one’s
location, supported some participants in selecting the most
suitable option. This feature was especially relevant for
participant “P03”, who decided not to participate in a CR
program because the only rehabilitation center near his home
did not offer CR services:

The compass was very helpful for me because it
showed where the CR centers are located. I saw there
was a rehabilitation center near me, but it was not
an option because it does not have a cardiovascular
department. [P03]

Enhancing Motivation to Return to Daily Activities
Some participants noted that after a cardiac event, one might
either try to ignore it or overanalyze its causes. Therefore, they
appreciated that the videos addressed uncertainties and fears
after a cardiac intervention, showing how the individuals dealt
with those challenges. For example, participant “P04” shared
that the videos encouraged her to return to her gym training and
to talk to relatives about her cardiac event:

The video really got me thinking. That was when it
finally sank in what actually happened to me. It was
a real ‘aha’ moment. I had never really understood
it before. […] It suddenly hit me that I almost died,
and you have to process that. It was awful. […] I had
a day or two where I did not want to be around
anyone. It felt really strange. That is why it is so
important to talk with people, you need to let it all
out so you can handle it better. [P04]

Further, the HERO app motivated some participants to set goals
for the phase after hospital discharge and for CR. For example,
participant “P06” mentioned that using the app taught him “to
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start setting daily goals at home, to make sure I do something,
to get moving. That was an interesting realization for me” (P06).
The displayed pathway further motivated the participants by
showing the way back to “normality” (P01) and fostering a
sense of optimism that “everything will be okay, things are
looking up” (P04). It also led to a self-reflection, as expressed
by participant P05: “It made me realize how much I’ve already
accomplished.”

Supporting Sense-Making of the Cardiac Event
Overall, the video content was perceived as valuable for peer
connection, helping participants navigate their rehabilitation
journey beyond medical information alone. Some reported that
the videos provided a sense of belonging and peer support in
moving past the constant worrying about the cardiac event:

[The videos] show that you’re not alone in what
you’re going through, and I think that’s really, really
important [P07]

The videos showed me that other young and fit people
had gone through the same thing. That really helped
me break out of my cycle of overthinking [P05]

Some participants also shared that hearing about more severe
cardiac diseases made them reconsider the severity of their own
experience:

Listening to others who went through worse made me
think: Okay, my case wasn’t that bad after all. [P04]

While some participants could easily relate to the portrayed
individuals, others found them less representative of their
situation. In line with this finding, one of the most frequently
mentioned ideas was to include more videos featuring different
individuals, such as diverse age groups, genders, and cardiac
conditions, allowing users to relate more closely to those
experiences:

The guy basically has my story, he had a heart attack,
and probably has cholesterol problems, but he’s super
skinny! […] I would have liked to see someone who
has my vibe [laughs]. Someone overweight. […] It
would be cool if, when I open the app, I could see
someone who is in my demographic. [P06]

Ensuring Timely and Location-Independent Access to
the App
Most participants found the HERO app useful in their everyday
lives (median 4.5, IQR 2-6) and generally enjoyed using it
(median 5, IQR 4-6). All participants emphasized that earlier
access to the app would have been even more beneficial; they
stated that they would have liked to use it during their hospital
stay to receive early information about follow-up care. Some
participants had already actively searched for information on
the web during their hospitalization or were familiar with the
rehabilitation program from previous experiences. As a result,
they reported that the app provided little new content for them:

I started gathering information while I was still in
the hospital […]. I had a heart attack. It came as a
big surprise, given that I do a lot of hiking and
cycling. I’m not even 60 yet, turning 60 in two weeks.

[…] So, I spent a lot of time looking into what I could
do and what would happen next, even before I had
the app. That’s why I already knew quite a bit. [P02]

The participants emphasized that having the app readily
available on a smartphone was advantageous, as it allowed for
location-independent access at any time. They used the app both
at home and on the go. For example, participant “P01” described
using the note-taking function while shopping for sportswear
in preparation for his CR stay:

You are out shopping, you have got your packing list
written down, and you open the app like, “Oh, right,
I need this, that, and that.” It is awesome. […] I do
not have to walk around juggling a bunch of
handwritten notes anymore, it is all in one place.
[P01]

Improving Self-Management Guidance and Addressing
Information Gaps
Some recommendations in the HERO app were considered too
vague, leading to dissatisfaction. For example, the information
to ask insurance providers or general practitioners was perceived
as not being helpful. Participants feared being stuck in phone
queues or that health care professionals would not take their
concerns seriously, particularly when they felt uncertain about
managing their cardiac condition. Therefore, they requested
more concrete information regarding lifestyle and coping
strategies for the posthospital phase, with detailed tips on
exercise, nutrition, and stress management. Participants
suggested a feature for storing medication details, mentioning
the possibility of side effects, and health care professionals’
contact details. Also, a direct download link for the CR referral
form was suggested. Some wanted clearer insights on insurance
and cost coverage. Several participants emphasized the
importance of providing novel information in the app, offering
details not readily available on rehabilitation centers’ websites.
For example, they suggested including positive messages to
reinforce the idea of turning the cardiac event into an
opportunity to adopt a healthier lifestyle.

Discussion

HERO App as a Short-Term Tool to Bridge Patient
Transitions
This exploratory study researched how the HERO app, an
mHealth technology designed to guide patients from hospital
discharge to CR, can support individuals during a critical care
transition. The app was mainly perceived as a short-term tool
to bridge the phase after hospital discharge, after which it can
be set aside again. The participants emphasized the value of
accessing the app early, ideally during their hospital stay, to
receive timely information. They also valued the combination
of evidence-based information about CR and experiential
knowledge provided by peers to self-manage their patient
pathways effectively. Patients felt supported in their
decision-making about CR participation by receiving objective
information about CR, which was presented as one option for
follow-up care without pressuring them to participate. This is
in line with the understanding of shared decision-making
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described by Elwyn et al [33], stating that no participation is
also a valid option. We also identified areas for improvement,
particularly in the personalization and concreteness of
self-management support.

Implications for Integrating mHealth Into Transitional
Care Contexts

Overview
Based on our findings, we derived four implications for
designing and integrating mHealth technologies for patient
support between 2 health care touchpoints: (1) Ensure timely

access to mHealth support, (2) provide actionable guidance for
self-management, (3) include peer narratives for emotional
reassurance, and (4) design for short-term time frames. Figure
2 visualizes the implications as 4 pillars that support patient
decision-making and can enhance their self-efficacy and
self-management skills. The model could inform the
development of patient-centered digital technologies by
addressing their need for timely, actionable, and emotionally
supportive guidance. Future research could apply this model to
design, adapt, or evaluate mHealth interventions across different
medical contexts where patients face similar challenges in
managing care transitions.

Figure 2. Four pillars of mHealth for cardiac care that can support patient decision-making, self-efficacy, and self-management during intersectoral
care transitions. CR: cardiac rehabilitation; mHealth: mobile health.

Implication 1: Ensure Timely Access to mHealth Support
Our study highlights the importance of early access to
information provided by mHealth, as participants expressed a
need for immediate guidance after a cardiac event to support
emotional processing, orientation, and the initiation of
self-management while being hospitalized. Due to the
recruitment process, we were only able to provide the app to
patients after their discharge from the acute hospital. For some,
this was too late, and they had already gathered information
through other sources. To ensure timely access, we argue that
mHealth technologies, such as the HERO app, should be
integrated into patient pathways and discharge protocols. For
example, a combination of automated referral technologies and

mHealth support for patients may help to initiate patient
pathways within the hospital setting [34]. Targeted
implementation strategies based on a holistic context analysis
provided by the NASSS framework, for example, could provide
support here [25,35].

Implication 2: Provide Actionable Guidance for
Self-Management
A key finding of this study was that participants expressed a
strong need to actively manage their recovery and navigate their
care pathway with a cardiac disease. To achieve this, having all
information stored in 1 place was perceived as useful,
highlighting the potential of mHealth in reducing patients’
burden of searching for and storing information from multiple
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sources [36,37]. Providing step-by-step guidance for organizing
daily life and tailored information according to the pathway
progress can support the navigation of health and administrative
challenges. Our study showed that patients prefer concrete,
actionable guidance over general recommendations; they request
tips on physical activity, nutrition, stress management, and
administrative steps for CR access. However, for patient safety,
some types of advice, such as information on individual
medication plans, should be personalized and provided by
qualified health care professionals only. We also argue that,
from a practical standpoint, the more information is incorporated
into the app, the more it needs to be updated and quality-checked
on an ongoing basis.

Nevertheless, the need for such content highlights a readiness
to engage in self-management but also a reliance on (digital)
tools to do so effectively. Participants emphasized that the app
should display information in addition to what they receive from
websites and health care professionals, indicating that they trust
the app’s content and consider the displayed information as
reliable. The HERO app offered a foundation for
self-management by providing a visual CR pathway, a
note-taking feature, and videos from former rehabilitation
participants. These elements helped participants reflect on their
condition, set goals, and regain a sense of agency and
empowerment. According to the health action and process
approach [38], a model for understanding health behavior
change, forming intentions is based on risk perception and
self-efficacy, factors that were activated by participants’
engagement with the app. For instance, several participants
described the video content as eye-opening, helping them realize
the seriousness of their condition and set small goals, such as
organizing logistics for CR or integrating physical activity into
their daily routines. In line with this, Schneider-Matyka et al
[39] found evidence that information influences patients’coping
strategies, leading to less avoidance and more active engagement
with their recovery.

Implication 3: Include Peer Narratives
The videos from testimonials emerged as a central feature
supporting patients’ emotional balancing and coping with their
cardiac disease. On the one hand, the videos fostered a sense
of belonging, helping users feel less isolated after their diagnosis
that is confirmed by previous research [40]. Furthermore,
participants reported that the videos prompted self-reflection
and emotional processing, helping to overcome uncertainties
about physical activity and enter the CR program feeling better
prepared. Active engagement with experiences helped
participants stop overthinking the cardiac event. This is
considered a critical step before returning to daily activities,
which builds the basis for self-efficacy and long-term behavior
changes [38,41].

On the other hand, we found that participants’ identification
with the testimonials varied, and some participants felt
unrepresented due to differences in age, body type, or cardiac
history. Sillence et al [28] state that patients could reject
information if it does not resonate with their own experiences
or health conditions. Based on our findings, we partly agree,
but we also want to highlight an additional facet of peer support.

We found that contrasting different conditions can be helpful
for some patients. The videos encouraged social comparison,
allowing our participants to contextualize their condition. To
enhance the potential of peer support, diversity in age, gender,
and diagnosis should therefore be prioritized to ensure broader
identification and inclusiveness [27,42].

Implication 4: Design for Short-Term Support
One interesting pattern we observed was that participants rated
the app as useful and enjoyable; however, they expressed low
intention to continue using it. The qualitative data help explain
this disconnect. Many participants viewed the HERO app as a
short-term tool to support the period between hospital discharge
and the start of CR. Once CR began, they no longer felt the
need to engage with the app. This supports the idea that mHealth
tools for care transitions may not need long-term engagement
to be effective but instead should focus on timely, targeted
support. Unlike long-term mHealth interventions designed to
sustain behavior change, mHealth used by patients in transition
phases should include tailored content that can be quickly
accessed with minimal onboarding and designed for limited
usage time frames. Tools, such as the HERO app, aim to activate
self-management and promote readiness rather than facilitate
continuous tracking or habit formation. This distinction
highlights the importance of tailoring mHealth technologies to
short-term engagement, for example, by supporting brief patient
interactions with tools for quick reference or note-taking [19].

Limitations and Implications for Future Research
Our decision to close data collection after 8 participants was
based on several considerations. First, we were able to recruit
a sample, including variation regarding age, gender, years of
living with cardiovascular disease, perspective on the patient
pathway, and previous CR experience. Following Guest et al
[43], who found that thematic saturation often occurs between
6 and 12 interviews in homogenous qualitative studies, we
concluded that our 8 interviews were sufficient to capture the
main themes. Recurrent themes appeared across the participants,
indicating that our research questions had been comprehensively
addressed. Nevertheless, participants’ experiences were shaped
by the specific Austrian health care context, which may affect
transferability to other systems. Second, data analysis was
conducted in parallel with continued interviewing. This process
allowed us to constantly assess the data richness and realize the
point of data saturation when additional data would likely lead
to redundancy rather than new findings. Third, recruitment in
the acute hospital setting proved to be exceptionally challenging
due to patient availability. Another significant barrier to
participant enrollment was that the app was only available for
Android devices, excluding iOS users from participation.
Consequently, several interested individuals were unable to
participate, which may have introduced a selection bias favoring
Android users. Future iterations of the HERO app are planned
to include iOS compatibility to ensure broader accessibility.
Given these limitations, we assessed data saturation
pragmatically, consciously balancing the data richness with
recruitment constraints.

Furthermore, our recruitment approach may have resulted in
selection bias regarding language skills, formal education levels,
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and personal interest in digital tools. Consequently, the
perspectives of patient groups typically at risk of being
underinformed, such as those with lower education levels or
non-German-speaking backgrounds, may not be fully
represented.

To ensure app uptake directly from a hospital bed, further
refinements of the HERO app should improve accessibility, for
example, by offering a more comprehensive onboarding process
that explains key app features in greater detail, such as through
a video walkthrough. This could improve ease of use and
strengthen both initial engagement and perceived usefulness
[20]. Due to budgetary and technical constraints, the current
HERO app prototype does not include condition-specific content
(eg, for patients recovering from cardiac surgery). Future
iterations should incorporate more individualized information
to reflect different patient experiences and care needs. Research
shows that personalized content increases engagement with
mHealth tools, and tailoring content to individual needs is a key
factor in sustained use [20]. Adapting the HERO app for specific
patient groups, such as postsurgery versus patients after a
myocardial infarction, could therefore enhance both its relevance
and long-term impact.

Following these improvements, a structured evaluation of the
effects of the HERO app on pathway adherence, patient
activation, and health literacy would be valuable. A randomized
controlled trial with extended follow-up periods would be
well-suited for this purpose. In addition, targeted implementation
strategies could be developed to support the integration of
mHealth tools into clinical routines [35]. Combining
sociotechnical frameworks and user-centered design principles
could be a promising approach [44]. Finally, future studies
should examine the role of health care professionals in
integrating mHealth into practice and in supporting patients in
using such tools effectively [45].

To conclude, we would like to discuss the applicability of our
4-pillar model to other medical fields in which patient transitions
between health care settings are relevant, such as orthopedics.
While the challenges faced by patients may vary, such as the
fear of mortality in patients with cardiovascular disease versus
mobility concerns in patients with orthopedic conditions, both
groups share insecurities about managing their new health
conditions. Scott et al [46] highlighted that patients with
orthopedic conditions could experience depression and anxiety,
significantly impacting their overall recovery and quality of
life. In this regard, the 4 pillars identified in our study—timely
intervention, actionable guidance, relatable peer narratives, and
short-term support—could also provide valuable support in
developing targeted mHealth interventions for orthopedic
conditions. However, it is crucial to identify target
group-specific needs and contextual factors before applying our
findings to other medical fields.

Conclusion
This exploratory field study investigated how mHealth
technologies, such as the HERO app, can support patients with
cardiovascular disease in navigating care transitions from the
acute hospital to CR. The app helped participants “break out of
the cycle of overthinking” (P05) by providing short-term
support, enabling self-management, and supporting
decision-making and self-efficacy. User experiences suggested
that the HERO app could support patient transitions, particularly
in considering and preparing for CR, enhancing motivation to
return to daily activities, and making sense of the cardiac event.
Based on the findings, we propose four pillars of mHealth
support for cardiac care transitions: (1) timely access to
information, (2) actionable guidance for self-management, (3)
peer narratives for emotional reassurance, and (4) design for
short-term usability. This model may guide the future design
and implementation of mHealth tools across various medical
contexts where patients navigate complex care transitions.
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Abstract

Background: Advances in digital technology, such as health apps and telerehabilitation systems, offer promising treatment
modalities in the secondary prevention of cardiovascular disease. However, the successful adoption of digital technology in
clinical practice depends on a variety of factors. A comprehensive understanding of the influencing factors on digital technology
usage in health care can support the complex implementation process of digital technology in clinical practice.

Objective: The aim of this study was to identify barriers and facilitators of digital technology usage in cardiovascular disease
secondary prevention from the perspective of health care professionals, and to explore whether certain characteristics of health
care professionals are related to the current usage of digital technology in clinical practice.

Methods: We conducted an exploratory online survey, inquiring about the perspectives and uses of digital technologies in
cardiovascular disease secondary prevention. We developed an original questionnaire to address the study aim. The survey
invitation was distributed among health care professionals from November 2021 to February 2022, via all cardiac rehabilitation
centers, all community-based disease management services for patients with chronic heart failure, and all relevant national health
care professional associations in Austria. Qualitative survey data were analyzed using thematic content analysis. Quantitative
survey data were analyzed using descriptive statistics, group comparison tests, and association statistics.

Results: Overall, 125 health care professionals (mean age 41, SD 11 y; n=80, 64% females) across different professions and
settings, including cardiac rehabilitation phases I through IV, were recruited. General readiness for using digital technologies in
the care of cardiac patients was high, but only 65 (52%) respondents reported doing so. The top 3 rated barriers to digital technology
use were poor user-experience of devices and apps, lack of cost coverage, and low digital competence of patients. The top 3 rated
potential application areas for digital technology were organization and appointment planning, documenting treatments, and
creating personalized treatment plans. The top 3 rated facilitators for digital technology use were assurance of patient safety,
assurance of patients’ privacy, and availability of technical support. Greater personal use of digital technology, younger age, and
higher technology affinity of health care professionals was associated with higher readiness to use digital technology with cardiac
patients.

Conclusions: While there is interest in digital technology for the secondary prevention of cardiovascular disease in Austria,
barriers to uptake need to be addressed. Our findings may inform the design and implementation of future digitalization projects.

(JMIR Cardio 2025;9:e71366)   doi:10.2196/71366

KEYWORDS

barriers; cardiac rehabilitation; cross-sectional; digital health; electronic health; facilitators; mobile health; questionnaire;
telerehabilitation

Introduction

Cardiovascular disease (CVD) remains the leading cause of
death and a large contributor to loss of healthy life expectancy
worldwide [1,2]. The modification of cardiovascular risk factors
can have a positive influence on reducing this burden and has

been a main focus of secondary prevention, for example, through
exercise-based cardiac rehabilitation (CR) programs [3,4].
However, this assumes that patients can consistently adopt
heart-healthy behavior changes into their daily lives, which
often poses a major challenge [5].
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Advances in digital technology (DT) are opening up promising
ways to help patients change and self-manage their lifestyle [6].
For example, the recent European Society of Cardiology
guidelines for the management of chronic coronary syndromes
now include a class 1A recommendation for mobile health
interventions to improve patient adherence to healthy lifestyles
and medical therapy [7]. Such interventions, incorporating text
messaging, smartphone apps, web-based content, and wearable
devices, have been shown to support patients’healthy behaviors
including medication adherence [8], exercise habits [8-11], and
diet [9]. Demonstrated effects on clinical outcomes are improved
blood pressure control [8,10], increased exercise capacity [12],
reduced waist circumference [10], reduced low-density
lipoprotein levels [9,10], decreased incidence of major adverse
cardiovascular events [12], and improved quality of life [12].

Furthermore, DT has facilitated the provision of
telerehabilitation, that is, home-based CR programs delivered
remotely by CR professionals, which could increase access to
a structured and supervised exercise-based CR program for
patients who are unable or unwilling to attend a center-based
CR program [13]. High-level evidence shows that
telerehabilitation compared to center-based CR offers equivalent
effects on patient outcomes in terms of medication adherence,
smoking behavior, physiological risk factors, depression,
functional capacity, exercise behavior, cardiac-related
hospitalization, and quality of life [14,15].

While the scientific evidence for DT in the secondary prevention
of CVD is strong, its implementation in real-life practice often
lags behind [16]. The successful adoption of DT in clinical
practice depends on a variety of factors, for instance, on the
technology itself, its promised benefits for patients,
organizational and systematic factors, as well as the
characteristics, attitudes and experiences of the various
user-groups (eg, patients, caregivers, and health care
professionals [HCPs]) [16,17]. The scoping review by Whitelaw
at al [18], for example, lists the following commonly reported
clinician-level barriers to uptake of DT in cardiovascular care:
increased work and responsibilities, unreliable technologies,
lack of evidence supporting the use of technology, and lack of
integration with medical records. The most commonly described
clinician-level facilitators were approval and organizational
support from senior management and improved efficiency
through DT [18]. Because the organization, structure, and
funding of health care systems can differ considerably from
country to country, a comprehensive understanding of the
influencing factors on DT usage in a national health care context
can support the complex implementation process of DT in
clinical practice [17].

The aim of this study was to identify barriers and facilitators of
DT usage in CVD secondary prevention from the perspectives
of HCPs in Austria. Specifically, we sought to identify HCPs’
attitudes toward DT usage, and to explore whether certain HCP
characteristics (affinity for DT, personal use of DT, age, physical
activity [PA] behavior, and professional background) are related
to the current usage of DT in clinical practice.

Methods

Overview
We conducted a cross-sectional online survey among HCPs
working in the secondary prevention of CVD in Austria. In the
reporting of this study, we adhere to the Checklist for Reporting
Results of Internet E-Surveys (CHERRIES) [19].

Setting and Participants
Our survey addressed settings for the secondary prevention of
CVD in Austria, including general practitioner and cardiologist
practices, outpatient clinics, community-based disease
management programs for patients with chronic heart failure,
and the CR pathway. In Austria, the latter comprises 4 phases:
the acute hospital stay (phase I), medically supervised in- or
outpatient rehabilitation programs of up to 6 weeks duration
(phase II), medically supervised outpatient rehabilitation
programs of 6‐12 months duration with weekly or less frequent
sessions (phase III), and patients’ life-long independent
secondary prevention behavior and self-management (phase
IV) [20]. We invited qualified HCPs from any relevant
professional background (including nurses, physicians, sport
scientists, physiotherapists, psychologists, and dietitians) who
were working in any of these settings. Unemployed HCPs and
retirees were excluded from the survey.

Recruitment
Recruitment took place between November 1, 2021, and
February 20, 2022. Email invitations with an open link to the
online questionnaire were sent to the medical and nursing
directors of all CR centers (at the time 13 inpatient and 21
outpatient centers); to all 3 community-based disease
management services for patients with chronic heart failure;
and to the boards of all relevant HCP associations (cardiology,
dietetics, nursing, nutrition science, occupational therapy,
physiotherapy, psychology, social work, and sports science) in
Austria. The addressees were asked to forward the survey
invitation to all employees or members of their organizations.

Sample Size
This exploratory survey recruited a convenience sample, and
no prospective sample size calculation was conducted. Based
on response rates from previous online surveys among HCPs
in Austria that used similar recruitment strategies, we expected
to achieve a sample size of 100 to 200 respondents.

Survey Instrument Development
Because no valid survey instrument existed that aligned with
the study aims, an original questionnaire was designed,
implemented in LimeSurvey (version 3.25.21+210407) and
piloted. The questionnaire’s content was developed based on
qualitative data (interviews and focus group) from 7 CR
professionals and literature on obstacles and potential application
areas for DT in health care [21-23]. Then, the questionnaire was
piloted using cognitive interviewing with 8 HCPs from different
professional backgrounds who were representative of the target
sample. The questionnaire was iterated and revised twice to
optimize comprehensibility, usability, completion rate, and
completion time. The development process supports content
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and construct validity of the survey instrument, but we were
unable to perform psychometric assessments of construct
validity (eg, convergent validity) due to the lack of suitable
validated alternative measures.

Questionnaire
The questionnaire consisted of 42 items divided into 10 sections.
Items were formulated as multiple-choice questions, Likert scale
items [24] and open questions with free-text answers. The
estimated completion time was 20 minutes. The full
questionnaire in its original German version is available at the
Open Science Framework platform [25], and an English
translation is given in Multimedia Appendix 1. In summary,
the questionnaire covered the following content:

• Professional profile (5 items).
• PA behavior (meeting the World Health Organization

[WHO] recommendations [26]; 4 items).
• Affinity for DT (2 polarizing questions selected from the

TA-EG questionnaire [27]; 1 item).
• Personal use of DT (types of digital devices used—in

particular devices relating to PA, 3 items).
• Use of DT at work in cardiovascular care (recommending

the use of DT to patients, reasons for recommending or not
recommending DT to patients, types of DT used with
patients or for patient care, reasons for non-use of DT, DT
used for certain patient groups only, past use of DT and
reasons for discontinuing, knowledge of DT used in
cardiovascular care by other HCPs or in another setting; 12
items).

• Readiness for using DT in their work (1 item).
• Perceived barriers to using DT in cardiovascular care (rating

of 20 potential barriers, 1 open question; 5 items).
• Potential application areas for DT in cardiovascular care

(rating of 17 potential application areas, 1 open question;
3 items).

• Factors influencing the decision to use or not use DT (rating
of 22 potential influencing factors, 1 open question; 4
items).

• Demographic information (gender, age, highest education
level, professional qualification; 4 items).

Ethical Considerations
The study was reviewed by the research ethics committee of
the University of Salzburg and received favorable ethical

opinion (reference GZ 21/2021). Survey respondents were
presented with information about the study and contact details
of the study team on the first page of the online questionnaire.
Respondents had to first confirm their informed consent in the
online questionnaire, before anonymously completing the survey
questions. A voluntary prize draw of three smart watches and
fitness trackers, worth US $200 each, served as incentive for
participation. To maintain anonymity of survey responses, email
addresses required for prize notification were collected separate
from the survey responses.

Data Cleaning
Verification of data completeness was not necessary, as only
fully completed surveys were saved to the platform. Individual
respondents’ completion time was reviewed to reduce the
likelihood of dishonest answers (eg, overly fast completion
time).

Data Analysis
Qualitative data from free-text answers were analyzed using
thematic content analysis [28]. Quantitative data were analyzed
descriptively. Group comparisons were conducted using t test,
Man-Whitney U test and Kruskal-Wallis test (2-tailed,
alpha=.05). We calculated associations between HCP’s PA
behavior and their personal use of DT, and HCP’s age, sex, and
professional background and their affinity for DT. To explore
whether certain HCP characteristics were related to the current
use of DT in clinical practice, we calculated bivariate association
statistics between the predictor variables affinity for DT,
personal use of DT, age, sex, PA behavior, and professional
background, and the outcome variables DT recommendation
behavior, DT implementation behavior and readiness to use DT

in practice, applying the appropriate statistical tests (χ2 test,
binary logistic regression, and Spearman correlation coefficient).
All statistical analyses were performed in SPSS software
(version 22.0, IBM) and without correction for multiple testing
due to their purely exploratory nature.

Results

The survey recruited 125 participants. Respondent characteristics
are given in Table 1.
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Table . Respondent characteristics.

Sample (N=125), n (%)Characteristic

41 (11)Age (years), mean (SD)

Sex

80 (64)    Female

38 (30)    Male

1 (1)    Nonbinary

6 (5)    Not disclosed

Education

8 (7)    Compulsory schooling, apprenticeship

24 (19)    A-levels or equivalent professional education

93 (74)    University

Professional qualificationa

40 (32)    Nursing

25 (20)    Medicine

21 (17)    Sports science

17 (14)    Other

13 (10)    Physiotherapy

13 (10)    Psychology

10 (8)    Dietetics

3 (2)    Medical assistant

1 (1)    Administration

1 (1)    Social work

Clinical remita

40 (32)    Nursing care

25 (20)    Medical care

23 (18)    Medical training therapy

19 (15)    Administration

19 (15)    Social work

12 (10)    Physiotherapy

11 (9)    Nutrition advice

9 (7)    Psychological care

7 (6)    Smoking cessation

5 (4)    Other

2 (2)    Sports science

Settinga

43 (34)    Outpatient rehabilitation center

41 (33)    Inpatient rehabilitation center

29 (23)    Acute hospital – inpatients

12 (10)    Private practice

8 (6)    Acute hospital – outpatients

5 (4)    Patient home visits

4 (3)    Other
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Sample (N=125), n (%)Characteristic

1 (1)    Non–health care setting

Cardiac rehabilitation phasea

27 (22)    Phase I

79 (63)    Phase II

44 (35)    Phase III

33 (26)    Phase IV

8 (6)    Community-based disease management program for patients with
chronic heart failure

5 (4)    Other

aMultiple answers possible.

HCPs’ Affinity for DT, Personal Use of DT and PA
behavior
Most HCPs rated themselves tech-savvy (median 2, IQR 2-3;
on a 5-point Likert scale from 1 [“very tech-savvy”] to 5 [“not
at all tech-savvy”]). Only 5 (4%) respondents reported no
personal use of DT, with others using smartphones (n=114,
91%), wrist-worn heart rate sensors (n=51, 41%), smartwatches
(n=35, 28%), step counters (n=33, 26%), watches with chest
strap for heart rate measurement (n=27, 22%), and digital
devices for measuring physical performance (n=12, 10%). Older
HCPs had lower affinity for use of DT (rho=0.24, 95% CI
0.06‐0.41; P=.006). There were no significant differences in
affinity according to sex or professional group. A total of 54
(43%) respondents reported meeting the WHO PA
recommendations for adults (≥150 minutes per week of moderate
or ≥75 minutes per week of vigorous intensity endurance-type
PA; and ≥2 times per week muscle strengthening activities)
[26], with 56 (45%) reporting recording, planning or sharing
their PA using DT. Binary logistic regression revealed a higher
likelihood of personal use of DT (in particular devices with
PA-related functionalities) for those who met the PA
recommendations, as compared to those who did not (OR 2.8,
95% CI 1.4‐5.9; P=.005).

Recommendation and Usage of DT in Practice
Respondents’subjective readiness to use DT in clinical practice
was high (median 2, IQR 1-2; on a 5-point Likert scale from 1
[“very inclined”] to 5 [“very opposed”]). Overall, 88 (70%)
respondents reported that they currently recommended the use
of DT to their CVD patients. A total of 80 respondents listed
their most common recommendations in free text answers. These
were for smartwatches and heart rate monitors (n=47, 59%),
apps (n=36, 45%), and step counters (n=16, 20%), primarily
for aspects of training control, heart rate monitoring, and
recording or visualizing of vital signs, training and PA behavior.
A total of 65 (52%) HCPs reported currently using DT as part

of their clinical practice with CVD patients, including chest
straps (n=32, 49%) and wrist watches (n=17, 26%) for heart
rate measurement, apps (n=21, 32%), online information (n=12,
18%), step counters (n=12, 18%), smartwatches (n=11, 17%),
and activity trackers (n=10, 15%). The most used apps were
HerzMobil, heartfish, and RehaApp. HerzMobil (Landesinstitut
für Integrierte Versorgung Tirol, Innsbruck, Austria) is part of
a telemonitoring system in conjunction with Bluetooth-enabled
blood pressure devices and scales [29]. The system was offered
by one regional heart failure disease management service in
Austria. The cost of HerzMobil was covered by a regional public
healthcare fund. heartfish (heartfish GmbH, Vienna, Austria)
is an app that aims to support motivation and adherence with
exercise therapy in patients with CVD, cancer, and other
conditions [30]. heartfish was in use at several outpatient CR
centers in Austria. The basic version of the app was made
available to patients for free, with the option of a paid
subscription for extended functionalities. RehaApp
(Pensionsversicherungsanstalt, Vienna, Austria) is an app to
support self-monitoring of blood pressure, body weight,
medication, and PA adherence following an inpatient
rehabilitation stay. The app was in use as part of a clinical trial
at inpatient CR centers in Austria.

Reasons for Non-Recommendation and Non-Usage of
DT in Practice
Reasons given in free text for non-recommendation and
non-usage of DT in practice are listed in Table 2. The most
common reasons for not recommending DT to CVD patients
were the feeling of it not being within one’s area of
responsibilities or allocated tasks, lacking technical skills, as
well as concerns over the patient becoming too dependent on
DT or reducing their sense of body awareness. The most
frequently given reason for not using DT in practice was lack
of opportunity or possibility to do so, followed by the patient’s
age, not feeling responsible for it, lack of familiarity with
suitable options, and not having enough time.
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Table . Reasons for non-recommendation and non-usage of digital technologies in practice.

ResponsesQuestion

Relating to the physical and social
environment

Relating to the health care profes-
sional

Relating to the patient

—aIf you can think of any specific rea-
sons why you do not recommend
digital technologies to your patients,
please describe them here

(n=21)

•• Not within one’s own area of
responsibility or tasks (n=5)

Concerns regarding loss of
body awareness and risk of
dependence on digital technolo-
gies (n=4)

• Lack of own technical compe-
tence (n=4)

• •Too overwhelming (n=3) Lack of exposure to possible
digital technology (n=3)• Age (n=2)

• Lack of time (n=2)• Pressure to perform (n=2)
• Not interested in advertising

products (n=1)
• Compliance (n=1)

If you can think of any specific rea-
sons why you do not implement
digital technologies into your clini-
cal practice, please describe them
here

(n=30)

••• Lack of opportunity or possibil-
ity (n=11)

Perceived as outside one’s re-
sponsibility (n=3)

Age (n=5)
• Patients already use digital

tools independently (n=1) •• Poor internet connection (n=1)Lack of familiarity with practi-
cal, appropriate, ad-free op-
tions (n=3)

• Lack of implementation in the
work process (n=1)

• Lack of time (n=3)
• Focus on personal coaching

(n=1)
• Lack of communication skills

(n=1)

aNot applicable.

Barriers
The top 5 rated barriers (answer “very hindering”) of using DT
in practice were poor usability, lack of reimbursement from

insurance carriers, patients’ lack of technical competence,
underdeveloped technology, and fear of increased workload for
staff (see Figure 1). The latter point was reiterated 8 times in
the free-text answers.
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Figure 1. Barriers to the use of digital technologies in the secondary prevention of cardiovascular disease. Respondents (N=125) rated each potential
barrier on a 5-point Likert scale. The percentages for each response category are shown.

Potential Areas of Application
The application areas for DT that were perceived as most
relevant (marked “very important”) were for organization,

documentation of measurements, creating personalized treatment
plans, supporting patients in their adherence to PA lifestyle
change, and patient self-reporting of outcomes (see Figure 2).
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Figure 2. Potential important application areas of digital technologies in the secondary prevention of cardiovascular disease. Respondents (N=125)
rated each potential application area on a 5-point Likert scale. The percentages for each response category are shown.

Factors Influencing the Decision to Use DT
The highest rated influencing factors (marked “very important”)
for using DT in practice were assurance of patient safety and

privacy, availability of technical support, and the maintenance
of personal contact between HCPs and their patients (see Figure
3).
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Figure 3. Factors that influence the decision to use or not use digital technologies in the secondary prevention of cardiovascular disease. Respondents
(N=125) rated each potential factor on a 5-point Likert scale. The percentages for each response category are shown.

Recommending DT to Patients
HCPs’ inclination to recommend DTs to their CVD patients
was not related to HCPs’ own PA behavior or their personal
use of DT, nor did the mean age of those who recommended
DT (41, SD 12 y) versus those who did not (40, SD 10 y) differ
significantly. In addition, affinity for DT did not significantly
differ for recommenders and non-recommenders, with a median
of 2 (IQR 1.5-3; “rather tech-savvy”) in both groups. However,
the likelihood of recommending DTs was significantly higher
among medical doctors compared to other professions (OR 7.3,
95% CI 1.4‐38.3; P=.02).

Implementing DT in Clinical Practice With Patients
The use of DT in clinical practice was not statistically related
to HCP’s own PA behavior, their personal use of DT, their sex
or professional and academic background, nor did the mean age
of users (42, SD 12 y) and non-users (39, SD 10 y) or affinity
for DT across users and non-users differ significantly.

Readiness to Use DT in Practice
HCP’s subjective readiness to use DT in practice was not related
to their own PA behavior or professional and academic
background. However, descriptively, sport scientists reported
the highest readiness to use DT with a median of 1.5 (IQR 1-2),
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and psychologists the lowest with a median of 2.5 (IQR 2-3).
Respondents who personally used DT demonstrated a
significantly higher readiness to do so in clinical practice, as
compared to those who did not (mean 1.7 SD 0.8 vs 2.2 SD 1.0,
respectively; P<.001). Furthermore, older HCPs felt less ready
to use DTs in practice (rs=0.22, 95% CI 0.04‐0.39; P=.01),
and those with higher affinity for DT felt more ready to use
DTs in practice (rs=0.47, 95% CI 0.31‐0.60; P<.001).

Discussion

Principal Findings
We found that respondents’ readiness and attitudes toward using
DT in the secondary prevention of CVD were generally positive.
However, in comparison, their current usage of DT in practice
was relatively low at just over 50% across all professions, and
particularly low among dieticians, nurses, physiotherapists, and
psychologists, of whom less than half reported implementing
DT.

HCPs’ age was not significantly related to the usage or
recommendation of DT in clinical practice, but older age was
associated with lower readiness for DT implementation and
lower affinity for DT. The threat of ageism to successful digital
engagement is increasingly being highlighted, and authors call
for awareness-raising and training to achieve a positive framing
of older age in the digital world [31]. As such, HCPs’ age may
not constitute a major obstacle in the usage of DT but should
be considered in the training and integration phases of DT in
clinical practice. The successful implementation of new DT
requires organizational and collegial support [32]. For instance,
specialized training options offered to older HCPs might
increase readiness to use DT, and thus, contribute to a successful
implementation of DT in clinical practice. Furthermore, peers
who act as implementation “champions” can assist in building
positive experiences of digitalization for their colleagues. The
concept of implementation champions stems from
implementation science and describes a role occupied by people
who are internal to an organization, have an intrinsic interest
to implementing a change, and are committed to drive
implementation forward [33]. Our data describe a profile of
younger, more physically active HCPs with greater affinity and
personal use of DT and higher readiness to use DT with patients.
Such individuals, among others, could be enlisted to act as
implementation champions and peer supporters for colleagues.

In terms of PA, HCPs who met the WHO PA recommendations
were nearly 3 times as likely to personally use DT than those
who did not. Thus, it is plausible that PA increases with DT
usage, as studies report increased daily active minutes and steps
through smartphone app or wearable usage [34]. On the other
hand, physically active respondents may simply be more inclined
to use DT to manage or track their PA, which would be
reflective of the types of fitness apps that respondents in our
sample most frequently used in their private lives (ie, Strava,
Garmin Connect, and Polar Flow). Interestingly, the personal
usage of smartwatches for heart rate measurement was less
frequently reported by respondents, with just slightly over half
reporting so.

In HCPs’ work-related use of DT, heart rate monitors,
smartwatches, and apps were the most frequently used and
recommended devices. Regarding the named apps, it is
noticeable that these target multiple cardiovascular risk factors
and clinical parameters. Apps that focus on single health
behaviors (eg, smoking cessation) or more specific clinical
issues (eg, mental health) were not listed. There is some
evidence to suggest that digital health interventions that target
multiple health behaviors or CVD risk factors could be more
potent, for example, in the systematic review by Akinosun et
al [9]. But apps that focus on single health behaviors or
cross-cutting topics such as mental health could be equally
relevant and appropriate in CVD secondary prevention [35],
and such apps are currently more widely available than
CVD-specific mobile health solutions, for example, in the
German directory of approved and reimbursed digital health
applications [36]. The prevalence of chest straps for heart rate
measurement was higher than wrist-worn sensors, possibly due
to chest straps having been established for longer in CR. But it
may also reflect that many wrist-worn sensors are still less
accurate than chest straps for measuring heart rate, which would
correspond with the eighth-rated barrier in our survey [37].

With regard to potential application areas for DT in the
secondary prevention of CVD, HCPs perceived organization
and appointment scheduling as the most relevant, especially in
the early phases of CR when regular contact and scheduling is
required, followed by documentation of treatments. For instance,
a uniform, digital system could be helpful in seamlessly tracking
measurements. At home, the use of an app could allow patients
to visualize results, better inform themselves, and monitor their
own parameters. Creating personalized treatment plans and
supporting patients with behavioral changes (specifically PA
behavior but also desired lifestyle changes in general) were
other highly ranked potential application areas, which mirrors
other studies of HCP’s perceptions of digital health in cardiac
care [38]. A further highly ranked potential application area
concerns the provision of remote care, including telemedical
care in the sense of remote individual consultations via video
or telephone calls as well as offering structured and supervised
CR programs via telerehabilitation formats in addition to
center-based in- or outpatient CR. While the COVID-19
pandemic has to some extent forced HCPs to establish remote
formats for individual consultations, telerehabilitation options
for phase II or III CR programs are still lacking in Austria to
date, despite their potential to increase the reach and uptake of
CR among patients who do not engage with center-based
rehabilitation [13].

The highest-rated barriers to DT usage in our survey included
poor usability, increased workload for staff, patient age, and
lack of cost coverage, which corresponds with commonly
reported barriers in the literature, for example, in the scoping
review of 29 primary studies by Whitelaw et al [18]. In our
qualitative survey responses, concerns over patients’dependence
on DT was the most frequently listed patient-related barrier,
corroborating some smaller qualitative studies, which have also
raised this point. For instance, Attig and Franke [39] reported
decreased PA motivation when commonly worn fitness trackers
were not available for users, for example, when the device had
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been forgotten or its battery was empty; and other qualitative
studies of CR patients have observed patients’ own concerns
about dependence on DT [40]. However, the number of studies
reporting positive effects of fitness tracking on users’motivation
to be physically active [10,12] suggests that, while a risk of
dependence should be taken into account, the increased
motivation elicited by DT may outweigh the potential
consequences of dependence.

Poor usability and increased workload were also reported
barriers in a recent qualitative study that evaluated the
implementation of a digital CR intervention [41]. Poor usability
and increased workload go hand-in-hand, as poor usability
increases workload demands. As such, well-designed and
optimized DT can aide in overcoming these barriers.
User-centered co-design constitutes a methodological
cornerstone to achieve this and is gradually finding increasing
application in the development of interventions for the secondary
prevention of CVD [42].

Old age or perception of age-related barriers, such as DT not
being suitable for older patients, were reported hindrances of
DT usage in clinical practice. As this can lead to perpetuation
of negative ageist stereotypes and exclusion of older patients
from digital health interventions [31], consideration of ways to
facilitate older patients’ participation in DT usage is needed. In
addition to individual-level strategies such as communicating
personal benefits of DT for older people and offering
age-tailored instructional materials and training in DT use to
patients [43], meso-level strategies are required, including
changing the negative discourse on aging, and inclusion and
partnership with older people in the design of DT and digital
health care services [31,44]. Rather than gatekeeping the
provision of DT according to the perceived digital competency
of patients, HCPs may find that many individuals who are less
familiar with DT are able to engage with digital health
interventions with minimal assistance [45].

Finally, the lack of cost coverage by insurance providers
hindered HCPs from using DT. Although, there is good scientific
evidence of the health-promoting effects of DT in the secondary
prevention of CVD [46,47], there is currently still no established
reimbursement system for digital health interventions in Austria
and many other European countries. Austria’s journey towards
embracing digital health started 2 decades ago, with the decision
to introduce a national electronic health record system [48]. But
concrete efforts towards a reimbursement system for digital
health interventions have only started in 2023, concurrently
with the development of the first national eHealth strategy for

Austria [49]. While other European countries, notably Belgium,
Germany, and France, have been more proactive in setting up
transparent reimbursement systems for digital health
interventions [50], Austria plans to create a process by 2026,
which is expected to act as a catalyst for the implementation of
DT in clinical practice. In this, it will be important to guard
against inherent inequity and widening of the digital divide,
which is driven not only by the direct costs of DT to HCPs and
patients (eg, licenses and subscriptions), but also by structural
and socioeconomic disadvantage among the population,
including the lack of network infrastructure (internet broadband
access, data allowance), the affordability of smartphones and
computers, and limited digital literacy [51,52]. In Austria’s
publicly funded health care system with near-universal coverage
[53], direct costs of DT can be expected to have lesser impact
on inequity, but structural and socioeconomic disadvantage
alongside collateral and hidden costs for enabling inclusive
digital health, such as the provision of digital skills training for
patients, need to be taken into account.

Limitations
Our survey was limited by the self-selected nature of the sample,
leading to possible selection bias towards individuals with
interest in the topic, for example, those with greater affinity and
more positive attitudes towards DT. This likely accounts for
the high levels of affinity for DT and subjective readiness to
use DT in clinical practice among the sample. We acknowledge
that the questionnaire did not capture respondents’ responsibility
or role with regard to DT in clinical practice, that is, whether
they were a prescriber or they executed a prescription. Although
we were able to recruit respondents across the different
professions involved in CVD secondary prevention in Austria,
our findings are to be interpreted as exploratory rather than
representative. The lack of a prospective sample size calculation
is acknowledged.

Conclusion
We conducted the first nationwide Austrian survey to capture
HCPs’ perspectives and use of DT in CVD secondary
prevention. We describe the currently prevalent types of digital
health interventions and digital devices and give insight into
HCPs’ perspectives on relevant application areas, barriers, and
facilitators for DT in CVD secondary prevention. These findings
can sensitize digital intervention developers, researchers, and
implementers to HCPs’ needs and wants with regard to DT,
thereby contributing to the successful design and implementation
of digitalization projects in CVD secondary prevention.
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Abstract

Background: Approximately 200,000 implantable cardioverter defibrillators (ICDs) are implanted annually worldwide, with
around 20% of recipients experiencing significant psychological distress. Despite this, there are no ICD guidelines addressing
mental health as part of rehabilitation programs, which primarily focus on educating patients about their condition and prognosis.
There is a need to include elements such as emotional distress, social interactions, and the future use of technologies like apps
and virtual communication in ICD rehabilitation, without increasing the burden on health care professionals.

Objective: This study aimed to demonstrate how data from the Readiness for Health Technology Index (READHY), combined
with sociodemographic characteristics and exploratory interviews, can be used to construct profiles of recipients of an ICD,
describing their ability to manage their condition, their need for support, and their digital health literacy. This aims to enhance
health care professionals’ understanding of different patient archetypes, serving as guidance in delivering personalized services
tailored to the needs, resources, and capabilities of individual recipients of ICDs.

Methods: Overall, 79 recipients of an ICD participated in a survey assessing technology readiness using the READHY. The
survey also collected sociodemographic data such as age, sex, and educational level. Self-reported health was measured using a
Likert scale. Cluster analysis categorized participants into profiles based on their READHY scores. Correlations between READHY
scores and self-reported health were examined. In addition, qualitative interviews with representatives from different readiness
profiles provided deeper insights.

Results: Four technology readiness profiles were found: (1) profile 1 (low digital health literacy, insufficient on 5 dimensions),
(2) profile 2 (sufficient on all dimensions), (3) profile 3 (consistently sufficient readiness on all dimensions), and (4) profile 4
(insufficient readiness on 9 dimensions). Participants in profile 4, characterized by the lowest readiness levels, were significantly
younger (P=.03) and had lower self-reported health (P<.001) than those in profile 3. A correlation analysis revealed that higher
READHY scores were associated with better self-reported health across all dimensions. Qualitative interviews highlighted
differences in self-management approaches and the experience of support between profiles, emphasizing the essential role of
social support toward the rehabilitation journeys of recipients of an ICD. Two patient vignettes were created based on the
characteristics from the highest and lowest profiles.

Conclusions: Using the READHY instrument to create patient profiles demonstrates how it can be used to make health care
professionals aware of specific needs within the group of recipients of an ICD.

(JMIR Cardio 2025;9:e58219)   doi:10.2196/58219
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Introduction

Worldwide, approximately 200,000 implantable cardioverter
defibrillators (ICDs) for primary and secondary prophylactic
indications are implanted every year [1]. In Denmark, 2000
people were treated with an ICD in 2020 [2]. It is evident that
implantation of an ICD with a primary prophylactic indication
significantly improves the survival of patients with high-risk
cardiovascular conditions who have symptomatic heart failure
and a left ejection fraction below 35% [3]. Despite a significant
benefit on reduction in mortality in recipients of an ICD [4] and
the fact that most recipients effectively adapt to life with an
ICD [5], a systematic review involving 45 studies and over 5000
recipients found that approximately 20% of recipients of an
ICD experience clinically significant psychological distress [6].
Despite the acknowledged issue, there are currently no national
or international ICD guidelines that specifically address the
management of mental health issues as an integral component
of rehabilitation. Previously, it has been proposed that
rehabilitation programs should incorporate customized,
hospital-based services tailored to the unique requirements and
preferences of recipients of an ICD, with the aim of ensuring
adequate psychological well-being and overall quality of life
[5,7]. Currently, the initial rehabilitation program after discharge
comprises activities aimed at enhancing understanding of the
underlying disease and prognosis, as well as preparing the
recipient for life with an ICD. However, there is a need to
incorporate specific elements addressing the individual’s unique
challenges, such as emotional distress, perceived lack of support,
or other person-specific concerns [8]. This necessitates the
development of innovative approaches in clinical care and
rehabilitation without increasing the demand for additional
hours from health care professionals. A study involving
individuals with chronic obstructive pulmonary disease [9]
recommends incorporating both virtual and in-person
components to enhance adherence [10]. To obtain the benefits
of this approach, we suggest implementing similar strategies in
ICD rehabilitation, as shown to be beneficial in the chronic
obstructive pulmonary disease study.

When proposing the use of digital services and technology, it
should be noted that approximately one-third of the older adult
population in Denmark lacks a sufficient level of health literacy
or digital health literacy [11]. It may be assumed that a
significant number of recipients of an ICD are also challenged
if expected to actively engage with digital health information.
This number may even increase if the recipients are expected
to participate in web-based activities in relation to a
rehabilitation program. However, the challenge may be greater
for recipients of an ICD than for other groups with long-term
health conditions, as many recipients of an ICD are burdened
by cognitive impairment as a consequence of a recent cardiac
arrest, heart failure, general arteriosclerotic disease, or
psychological distress [12,13]. We consider it essential, in the

design of a new rehabilitation program, to address the individual
needs of recipients of an ICD in relation to the heterogeneity
of this group, with respect to their ability to manage their
condition, their need for support, and their digital competencies.
Such a redesign will enhance both the patient experience and
assist in a more efficient allocation of health care professional’s
resources. This may involve providing virtual or even generative
artificial intelligence–based services to individuals who are
digitally literate and allocating in-person hours to those who
require more personal contact due to social exclusion. Based
on previous research involving patients with inflammatory
bowel disease [14], patients with type 2 diabetes mellitus [15],
and cancer survivors [16], we hypothesize that by using a
patient-reported outcome dataset, such as the Readiness and
Enablement Index of Health Technology (READHY) [16],
alongside supplementary data on sociodemographic
characteristics, it is feasible to map individuals’ perceived
support, self-management capabilities, and digital health literacy.
This approach can facilitate the creation of patient profiles,
thereby enhancing health care professionals’ awareness of the
diverse needs of their patients.

The READHY is a validated instrument that consists of 13
dimensions with a total of 65 items related to self-management,
social support, and digital health literacy. The instrument builds
on the concept of digital health literacy as the core measured
with the validated eHealth Literacy Questionnaire (eHLQ; 7
dimensions), supplemented with 4 dimensions reporting on
aspects of self-management from the Health Education Impact
Questionnaire (heiQ) and 2 dimensions reporting on support
from the Health Literacy Questionnaire (HLQ) [17-19].

The purpose of this study is to demonstrate, in the context of
recipients of an ICD, how READHY data, supplemented with
sociodemographical characteristics and explorative interviews,
can be used to create profiles of recipients of an ICD, describing
their needs, resources, and capabilities with respect to their
technology readiness.

Methods

Study Design
The study consisted of a mixed methods, cross-sectional design
in 2 parts; part one encompassed a quantitative analysis, while
part two involved a qualitative inquiry. In the first part, the
analysis of READHY data led to the creation of 4 profiles based
on participants’self-management capabilities, perceived support
levels, and digital health literacy (technology readiness).
Subsequently, individuals representing high and low levels of
technology readiness were invited for interviews. This approach
was used to provide a voice to these profiles and to illustrate
the varying perspectives within the group of recipients of an
ICD.
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Setting, Recruitment, and Participants
Participants included in this study were recipients of an ICD
who participated in the voluntary ICD rehabilitation meeting
following implantation at the Department of Cardiology at the
University Hospital of Copenhagen, Rigshospitalet. The ICD
rehabilitation meetings were conducted on a monthly basis, and
each recipient attended only once after their device implantation.
The purpose of the meeting was to address common questions
about living with an ICD; provide general information and
guidance about the technology behind the ICD; and explore
how the treatment affects both the patient and their close
relatives, including both physical and mental health issues. The
meetings were facilitated only in person and by specially trained
nurses, physiotherapists, and ICD technicians from the
Department of Cardiology. Eligible participants were adults
with primary and secondary prophylactic indications. During
the research period, a total of 743 ICD devices were implanted.
All patients received verbal information about the voluntary
ICD rehabilitation meetings before discharge. At their first
post-ICD visit, they were provided with a written invitation to
the available meetings. A total of 82 (11%) patients out of 743
attended the meetings, where all completed the READHY
assessment. Of these, 3 were excluded: one received a
pacemaker instead of an ICD, one did not complete all of the
READHY assessment, and one attended the meeting twice. The
meetings were not formal hospital appointments but were

offered as an additional resource for patients seeking further
support and information. The inclusion took place from
November 2019 to May 2022. In November 2021, a total of 6
participants, selected from a pool of 38 individuals, were invited
to take part in individual semistructured interviews. In total, 3
recipients were identified from a profile of 26 individuals
characterized by high levels of technology readiness, while the
other 3 recipients were identified from a profile of 12 individuals
with particularly low levels of technology readiness. The
selection and invitation of participants was facilitated by the
author, MKW, among those still in an active follow-up program
at Rigshospitalet.

Sociodemographic and Technology Readiness
A survey consisting of the READHY, sociodemographic
characteristics, and self-reported health were administered at
the meetings [19]) consist of between 4 and 6 items, which all
have a 4-point response scale ranging from “strongly disagree”
to “strongly agree.” An average score ranging from 1 (strongly
disagree) to 4 (strongly agree) was calculated for each of the
dimensions. The heiQ8 “emotional distress” dimension is
reversed by subtracting the scores from a value of 5 for the
purpose of analysis, as normally a high score would mean a
high level of distress. The reversed scale now means a high
level of distress has the lowest score equal to 1, so a higher
score means less emotional distress as reported in the validation
of the instrument [16].

Figure 1. The 13 dimensions of the READHY (reproduced from [16], which is published under Creative Commons Attribution 4.0 International License
[20]). The 7 eHLQ dimensions describe users’ attributes; the intersection between users and technologies; and users’ experience of systems. The 4 HLQ
dimensions add knowledge about the individuals’ capabilities to handle their condition and emotional response. The 2 eHLQ dimensions add knowledge
about individuals’ social context (represented by the circle encompassing the individual and the individual’s attributes). eHLQ: eHealth Literacy
Questionnaire; heiQ: Health Education Impact Questionnaire; HLQ: Health Literacy Questionnaire; READHY: Readiness and Enablement Index for
Health Technology.

Self-rated health was assessed using a single item from the
36-item Short Form Health Survey [21]. The response options

ranged from “very bad” to “very good,” graded on a scale from
1 to 5, with values of 1 to 3 indicating low self-reported health
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and values of 4 to 5 indicating high self-reported health. Age
was recorded in years, and sex was categorized as male or
female. The response options for educational level were reported
based on the International Classification of Education [22]. The
5 levels were “workers education” (eg, waiter), “skilled in
craftsmanship,” “short-cycle higher education,” “medium-cycle
higher education,” and “longer education.” Low educational
level was categorized as scores of 1-3 and high educational level
was categorized as scores of 4-5.

Data Analysis
Data were presented as mean (SD) for continuous variables and
numbers (proportions) for frequencies. Pearson product-moment
correlation r was used to examine the correlation between
self-rated health and READHY values. The degree of the
correlation was defined by the r value, with 0.10 to 0.29 being
weak, 0.30 to 0.49 being moderate, and 0.50 to 1.00 being a
strong correlation [23]. Welch 2-sample t test (2-tailed) was
used to compare READHY scores between recipients with
primary and secondary prophylactic ICD indication.

Cluster Analysis
Individuals were divided into profiles using k-means cluster
analysis based on their READHY scores. The objective of the
cluster analysis was to identify a profile characterized by
particularly low response values across all READHY
dimensions. Given the consistently low response values, this
group was considered to be of particular clinical relevance for
examination and comparison with profiles displaying higher
response values.

Performing a k-means cluster analysis requires a prespecification
of the number of clusters before the analysis can be conducted.
K-means cluster analysis with 3, 4, and 5 clusters were tested
in 10 iterations to determine which number of clusters had the
most clinically relevant distribution. The seed value of this
distribution was then saved, so that all future calculations were
made from the same distribution.

Differences among the identified profiles concerning their
sociodemographic characteristics and ICD indication were
assessed using the Fisher exact test for categorical variables and
one-way ANOVA for continuous variables. The results of the
one-way ANOVA were presented with P values, effect size was
calculated as eta-square (η²), and Tukey multiple comparisons
of means were used to assess which groups means differed
significantly from each other.

Statistical calculations were performed using R (version
1.4.1717; R Core Team).

Explanatory Interviews
This section is reported according to COREQ (Consolidated
Criteria for Reporting Qualitative Research) checklist [24].
Individual semistructured interviews were conducted with 6
participants recruited as described above. All interviews were
conducted in person, at a location selected by the participant
(home, hospital, or university). The interviews were led by the
first author, NR (female), who had no previous relationship
with the participants. Each interview began with a thorough
introduction to the project including the purpose of interviewing

and the professional background of the interviewer. Furthermore,
participants were informed that the interview was being recorded
for the purpose of transcribing the conversation for further
analysis. In this context, the elements of the consent form and
information sheet were reviewed with the participant. Present
at the interviews were the participant and the 2 first authors,
NR and DB. Field notes were made during the interview by
DB. The interviewer, NR, holding a master’s degree in health
informatics from the University of Copenhagen, is trained in
conducting qualitative analyses. In addition, throughout the
entire research period, the interviewer received continuous
supervision from experienced researchers within the author
group, LK and MKW.

A guide for the semistructured interviews was developed based
on the READHY framework (Multimedia Appendix 1). The
intention of the interviews was to explore the participant’s
perspectives on becoming a recipient of an ICD. The interview
duration varied from 30 to 60 minutes, with a mean duration of
44.5 (SD 10.81) minutes. Interviews were conducted at various
locations, including the hospital (n=2), the patients’ homes
(n=3), and at the university (n=1), accommodating the
preferences of the individual participants.

Following the conclusion of each interview, a verbatim
transcription was meticulously generated from the digital audio
recordings. This transcription process ensured that data were
accurately and comprehensively captured for subsequent
analysis. The analysis of the interview data was carried out
using a content analysis with an abductive approach [25]. The
software package NVivo12 (Lumivero) was used. The coding
was based on the READHY framework with the main
categories: self-management (6 notes), social support (4 notes),
and digital health literacy (4 notes). Participants have not been
presented with the transcribed data nor provided feedback on
the findings.

Ethical Considerations
This study adheres to the ethical principles outlined in the
Declaration of Helsinki [26]. The Danish Data Protection
Agency approved the handling of data under journal P-2019-78,
I-Suite 6423. Furthermore, permission to conduct the study was
obtained from the heads of the Department of Cardiology at
Rigshospitalet. All participants provided individual written
informed consent before completing the questionnaire and
participating in the interviews. Participants were informed of
the voluntary nature of their participation, their right to withdraw
at any time, and how their data would be used for research
purposes.

According to section 14(2) of the Danish Act on Committees,
health science questionnaire surveys and interview studies that
do not involve human biological material do not require
reporting or approval from the Danish National Centre for
Ethics. Due to this exception, there were no approvals required.

All data collected were anonymized to ensure confidentiality.
Personal identifiers were removed, and all data were stored
securely in compliance with General Data Protection Regulation
and institutional data protection regulations. The data were only

JMIR Cardio 2025 | vol. 9 | e58219 | p.251https://cardio.jmir.org/2025/1/e58219
(page number not for citation purposes)

Rosenmeier et alJMIR CARDIO

XSL•FO
RenderX

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


accessible to the research team, ensuring the participants’
privacy was maintained.

No compensation was provided to participants for their
involvement in this study. However, participants were made
aware that their participation would contribute to advancing
knowledge in ICD rehabilitation and the potential
implementation of digital tools in the rehabilitation process.

Results

Overview
In total, 79 participants were included in this study. The
participating recipients had a total of 29 primary and 47
secondary prophylactic indications. In 3 participants, the device
indication was unknown.

Sociodemographic Characteristics
The mean age of the 79 participants who completed the survey
was 60.4 (SD 12.3) years. The distribution was 73% (56/77)
male, and 63% (49/78) had a secondary prophylactic ICD
indication. The participants originated from the Capital Region
of Denmark and the region of Zealand, Denmark.

Comparison of READHY Scores and Prophylactic
ICD Indication
A comparison of READHY scores of those with primary and
secondary prophylactic ICD indications is shown in Table 1.
Lower READHY scores were observed for all 13 READHY
dimensions for those with primary prophylactic indications
compared to those with secondary prophylactic indications,
which were significant for HQL1 (P=.01), HLQ4 (P<.001),
eHLQ2 (P=.03), eHLQ4 (P<.001), and eHLQ6 (P=.05).

Table 1. Comparison of READHYa scores of recipients with primary and secondary prophylactic ICDb indication (N=76).

Secondary prophylactic
indication

Primary prophylactic
indication

P valueREADHY dimensions

3.022.95.46heiQc3: Self-monitoring and insight

3.143.01.09heiQ4: Constructive Attitudes and Approaches

2.952.85.97heiQ5: Skill and Technique Acquisition

2.952.77.98heiQ8: Emotional Distress (reversed scale)

3.233.03.01HLQd1: Feeling understood and supported by healthcare providers

3.462.89<.001HLQ4: Social support for health

2.992.81.69eHLQe1: Using technology to process health information

3.173.01.03eHLQ2: Understanding of health concepts and language

3.092.96.22eHLQ3: Ability to actively engage with digital services

3.313.13<.001eHLQ4: Feel safe and in control

3.12.88.14eHLQ5: Motivated to engage with digital services

3.162.99.05eHLQ6: Access to digital services that work

2.982.79.77eHLQ7: Digital services that suit individual needs

aREADHY: Readiness for Health Technology Index.
bICD: implantable cardioverter defibrillator.
cheiQ: Health Education Impact Questionnaire.
dHLQ: Health Literacy Questionnaire.
eeHLQ: eHealth Literacy Questionnaire.

READHY for Health Technology
Table 2 displays 4 health technology readiness profiles,
organized in ascending order based on their average READHY
scores. Profile 3 consistently exhibited sufficiency across all
scales, while profile 2 was not only lower than profile 3 mostly

in eHealth dimensions but also showed a sufficient level across
all scales. Profile 1 showed a sufficient level on scales related
to self-management and support, but insufficient levels on 5
eHealth Literacy scales except on eHLQ4 and eHLQ2. Profile
4 showed a generally insufficient level across the scales, except
on HLQ1, eHLQ2, eHLQ4, and eHLQ5.
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Table 2. Four health technology readiness profiles on the READHYa scale ranged from 1 (Strongly disagree) to 4 (Strongly agree; N=79). Profiles are
listed from the lowest average score (left) to the highest scores (right)—highlighting the difference between each profile.

ProfilesREADHY dimensions

3 (n=26)2 (n=32)1 (n=9)4 (n=12)

Self-management, mean score

3.262.873.042.69heibQ3 (Self-monitoring and insight)

3.652.933.162.35heiQ4 (Constructive Attitudes and Approaches)

3.362.812.972.21heiQ5 (Skill and Technique Acquisition)

3.352.803.561.80heiQ8 (Emotional Distress; reversed)

Support, mean score

3.552.973.172.77HLQc1 (Feeling understood and supported by healthcare providers)

3.683.193.132.58HLQ4 (Social support for health)

eHealth literacy, mean score

3.512.762.312.67eHLQd1 (Using technology to process health information)

3.582.932.842.82eHLQ2 (Understanding of health concepts and language)

3.672.932.352.60eHLQ3 (Ability to actively engage with digital services)

3.733.062.873.08eHLQ4 (Feel safe and in control)

aREADHY: Readiness for Health Technology Index.
bheiQ: Health Education Impact Questionnaire.
cHLQ: Health Literacy Questionnaire.
deHLQ: eHealth Literacy Questionnaire.

Characteristics of Profiles
Differences in sociodemographic characteristics between profiles
are presented in Table 3. A difference in age (F3,70=3.1, P=.03,
η²=0.12) was observed. The biggest difference in age was
observed between profile 4 and profile 3 (P=.03) and between
profile 4 and profile 1 (P=.07). A difference in self-rated health
(F3,75=6.4, P=.001, η²=0.20) was observed between the 4
profiles. The biggest difference in self-rated health was observed

between profile 4 and profile 3 (P<.001) and between profile 3
and profile 2 (P=.01). No difference in sex and educational level
was found. When examining for differences between the profiles
with respect to ICD indication, no significant differences were
found (P=.62). However, the percentage receiving the ICD on
primary prophylactic indication in the “low-level group” was
50% (6/12) compared with the “high-level group” with only
23% (6/26). Self-rated health and level of education are
measured and presented as described in the methods.
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Table 3. Sociodemographic characteristics of participants (N=79) across profiles. Data are presented as mean (SD) for continuous variables and numbers
(proportions) for frequencies.

P valueProfile 4 (n=12,
15%)

Profile 3 (n=26,
33%)

Profile 2 (n=32,
40%)

Profile 1 (n=9,
11%)

All (N=79)Characteristics

.45    Gender, n (%)

3 (25)9 (35)8 (25)1 (11)21 (27)Women

9 (75)15 (58)24 (75)8 (89)56 (71)Men

0 (0)2 (8)0 (0)0 (0)2 (2)Unknown sex

.0353 (7.8)58 (12.8)63 (12.7)66 (10.0)60.38 (12.3)Age (years), mean (SD)

.27Highest attained level of education, n (%)

3 (25)12 (46)10 (31)4 (44)29 (37)Long education

5 (42)11 (42)20 (62)4 (44)40 (51)Short education

4 (33)3 (12)2 (6)1 (11)10 (13)Unknown education

.001Self-rated health, n (%)

2 (17)20 (77)15 (47)6 (67)43 (54)High self-rated health

10 (83)6 (23)17 (53)3 (33)36 (46)Low self-rated health

.62Prophylactic indication, n (%)

6 (50)6 (23)13 (41)4 (44)29 (37)Primary

6 (50)18 (69)18 (56)5 (56)47 (60)Secondary

0 (0)2 (8)1 (3)0 (0)3 (4)Unknown

Interview Findings
To explore how differences in READHY scores related to the
participants’ experiences of becoming recipients of an ICD, we
conducted interviews with representatives from profile 3 and
profile 4. Profile 4, characterized by the lowest scores in 12 out
of 13 READHY scales and lowest self-rated health, was
contrasted with profile 3, which demonstrated the highest scores
in all 13 scales as well as self-rated health. For the interviews,
we recruited 3 participants from profile 3, here on after referred
to as the “high-level group,” and 3 participants from profile 4,
here on after referred to as the “low-level group.” These
interviews revealed significant differences in how individuals
from these groups were able to manage their condition,
perceived the support they received, and approached digital
proficiency.

Self-Management
All participants engaged in self-management practices
addressing their physical and mental well-being. However, there
was a distinction in how self-management was interpreted within
the “high-level group” compared to the “low-level group.”
Participants belonging to the “high-level group” described their
pre-ICD implantation lifestyle as characterized by daily physical
exertion, which they expressed a strong desire to sustain. For
instance, P3 stated:

I used to bike to work throughout the year, covering
approximately 10 kilometers each way. I engaged in
workouts at least twice a week and participated in a
weekly spinning class. Exercise, to me, equates to an
enhanced quality of life, both presently and prior to
my illness. At present, I attend one or two spinning

classes weekly, which I prefer not to disclose to my
doctors, as they disapprove.

In contrast, no one in the “low-level group” used physical
activity as a means to preserve their health.

Participants belonging to the “low-level group” approached
self-management in a distinct manner, which primarily involved
adhering to medical advice regarding medication adherence and
health care appointments, particularly evident when asked about
their self-care practices. For example, P2 and P5 articulated:

After doctors’ appointments I am more sensitive and
attentive to my body. Naturally, the plan is to initiate
lifestyle changes, which I have gradually
commenced.“ And ”It seems like that's all I'm
engaged in - devoting my time to managing my health.
I visit the hospital constantly, and I mean incessantly.
Furthermore, I was enrolled in a heart rehabilitation
program last year.

For individuals within the “low-level group,” a recurring subject
was found, wherein the participants lived with constant
awareness and apprehension regarding their condition. For
instance, when asked, “During your daily routine, when do you
find yourself contemplating your ICD?” P1 articulated
“Constantly! It occupies my thoughts incessantly.” P2 concurred,
stating:

I think about it every time I shower, change my
clothing, and when I retire for the night; those are
the moments when it preoccupies my mind the most.
Additionally, I grapple with mental concerns such as
whether it would effectively function in the event of
an unforeseen circumstance.

JMIR Cardio 2025 | vol. 9 | e58219 | p.254https://cardio.jmir.org/2025/1/e58219
(page number not for citation purposes)

Rosenmeier et alJMIR CARDIO

XSL•FO
RenderX

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


Similarly, P5 shared, “All the time! I am in a constant state of
unease.”

When the same question was asked to participants belonging
to the “high-level group,” the responses conveyed a sense of
calm and trusting emotional state. As exemplified by P4 and
P6:

My perspective has been somewhat matter of fact; I
needed to have this device implanted, and that is
simply the way it is. Beyond that, I have not dwelled
on it extensively. [P4]

After a full day at work, I may experience some
soreness, but it reminds me of how reassuring it is to
have it watching over me. [P6]

Support

Social Support
In the management of their ICD, participants who felt a lack of
social support from family and friends during the rehabilitation
process have heightened emotional distress, necessitating
additional support from health care professionals. Without
substantial social support from family and friends, the perception
of support from health care professionals during their
hospitalization and rehabilitation process became crucial. A
lack of social support affected the participant’s ability to place
trust in the ICD technology and their capacity to adapt calmly
to life with an ICD.

The significance of having access to supportive relatives or
spouses was emphasized by the contrast in how the 2 groups
used and derived comfort from sharing their concerns with close
family members. The “high-level group” experienced
tremendous comfort in doing so, whereas the “low-level group”
tended to conceal their feelings and kept their worries to
themselves. For instance, P4 remarked:

Discussing things with my family and my wife, who
was present at the time of my cardiac arrest, and
having those conversations with people who asked
about my experiences, has actually proven more
beneficial than speaking with the psychologist.

This contrasted with the experiences of recipients in the
“low-level group,” who perceived their condition as more
burdensome for their families than as a source of support. P2
explained:

You may want to confide in your family, but not be
completely honest about how frightened you have
been and still are about the future. It's a delicate
topic. My family was deeply shaken, and they may
not wish to revisit it.

Similar sentiments were expressed by P5:

My children are 22 and 23 years old, but they have
been extremely anxious. Being a single mom and
trying to stay strong for them is challenging. Yet, they
want me to share my feelings. It's just very tough at
times.

Professional Support
Participants who lived alone exhibited a greater demand for
support and information from health care professionals when
compared with participants living with a spouse. Those living
alone consistently expressed dissatisfaction with the support
provided by health care professionals and commonly expressed
high levels of emotional distress, as well as a lack of
information, support, and therapeutic options. P1 felt that his
needs were overlooked and emphasized the need for more
information about his condition, stating:

When you get admitted here, you receive absolutely
no information. None. That is a flaw. I was operated
on at 2 a.m., and by 9 a.m., I was approached by a
professor and a nurse who wanted to recruit me for
a study. That was bewildering. After surgery, your
mind is in turmoil, and here they are asking me to
participate in a study.

In addition, another participant who was living alone, P5,
expressed dissatisfaction with the lack of fulfillment and
comprehension of her needs during her hospitalization,
particularly concerning the therapy options offered after surgery.
She stated:

During my hospitalization, I attended a few sessions
with their psychologist, but it didn't resonate with me
at the time. They advised me to go for forest walks
and visit the library to socialize. That wasn't what I
needed.

In contrast, all participants living with a partner consistently
reported the support provided by health care professionals as
highly satisfactory. P4 stated:

I felt safe from the moment I woke up in the hospital
and throughout my entire stay. I have been extremely
pleased with the care and treatment I received here.

P6 similarly expressed positive impressions, saying:

I wish I could write an article about it; it felt like a
five-star hotel. They treated me like royalty, providing
me with detailed information, time, and care. We were
deeply impressed by the dedication and attention they
gave us.

Digital Health Literacy
Participants from both the “high-level” and “low-level” groups
expressed a consistent readiness and ability to engage with
digital health care services and use various technological tools
as part of their recovery process. They shared a common
inclination for monitoring their health data, seeking health
information online, and accessing personal health records
through digital platforms. There was no noticeable difference
in motivation for digital rehabilitation between the 2 groups,
potentially due to their recruitment from a rehabilitation program
rather than during hospitalization. Moreover, both groups
displayed similar engagement with other health-related
technologies, such as smartwatches and pulse oximeters,
indicating their willingness to embrace technology for a
digitalized rehabilitation experience tailored to their needs.
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A participant belonging to the “low-level group,” P5, detailed
her utilization of various technologies for managing her
condition:

I have been using my Apple Watch since I received
my first pacemaker. Sometimes, I would feel unwell
and worry about my pulse being too low. Tracking it
on my watch gives me peace of mind. Additionally, I
regularly log in to my online electronic health record
to stay informed about any updates. The more
information I acquire, the more at ease I feel.

Similarly, P4 belonging to the “high-level group” expressed:

I purchased an actual pulse oximeter when my
condition first arose. I told my wife that I needed one.
I have an imperative need to comprehend what is
transpiring.

ICD Indication
One distinguishing characteristic of recipients within the
“low-level group” was their lack of trust in the ICD technology
and the high levels of emotional distress they experienced living
with an ICD. It is noteworthy that the 3 recipients belonging to
the “low-level group” had previously been diagnosed with
heart-related conditions before receiving the ICD, which
contrasts with the participants belonging to the “high-level
group” who had no such previous diagnoses. The recipients
with an ICD who have primary prophylactic indication
consistently exhibit notably low READHY scores, especially
in the domain of social support, when compared to recipients
with secondary prophylactic indication. Interviews show that
the overall health status of the recipient before ICD placement
is an essential determinant influencing the patient’s ability to
manage the condition. Importantly, the interviewer had no
previous knowledge of which group the interviewed participants
belonged to.

Patient Vignettes
Based on data presented in Tables 2 and 3 and the qualitative
interviews, we have created 2 patient vignettes, which are
presented below. These demonstrate how the text vignettes can
make the profiles more vivid for health care professionals.

Vignette for the Low-Level Group

This is a male individual aged 53 years with low physical
activity levels and low self-rated health, diagnosed with other
comorbidities before ICD implantation. The patient is unmarried,
lives alone, has a limited social network, and experiences
significant emotional distress due to his condition on a daily
basis. He uses health technologies and actively seeks information
about his condition online. The “low-level group” of patient
requires a high level of support from health care professionals
during hospitalization and through their rehabilitation process.

Vignette for the High-Level Group

This is a male individual aged 58 years with a high level of
physical activity and high self-rated health, who maintains good
health and has no comorbidities before his ICD implantation.
The patient cohabits with a partner and has an extensive social
network. He maintains a positive attitude toward his condition
and incorporates health technologies into his daily routine.

Discussion

Principal Findings
The purpose of this study was to demonstrate how profiles and
patient vignettes can be developed using the READHY
instrument to make health care professionals aware of
differences in patient’s needs, resources, and capabilities in
relation to their health technology readiness, including their
emotional state. Using cluster analysis, 4 clinically relevant
profiles were developed. The most distinct profiles we found
were profile 3, characterized by highly sufficient READHY
scores across all dimensions, and profile 4, characterized by 9
insufficient READHY scores (below 2.7), displaying only slight
sufficiency within digital literacy. Sociodemographic
characteristics, age, and self-reported health differed among the
profiles, with the youngest patients having the lowest READHY
scores. No significant differences were found in sex, level of
education, or ICD indication. This underpins the need other
than these classical characteristics to inform the health care
professionals to understand their patients. The interviews
provided valuable insights into the perspectives of the profiles,
emphasizing the crucial role of social support, particularly for
those living alone, who required more professional support.
These insights were particularly relevant with regard to
emotional distress and perceived support levels from family
and health care professionals.

Individuals with no or a short history of poor health conditions
tended to adapt more positively to life post-ICD implantation,
compared with those with a longer history of poor health
conditions. This suggests that it may be significant to take the
patient’s previous and current status of health into consideration
in the treatment of them. Interestingly, interviewees belonging
to both the low and high-level groups embraced technology to
a high extent, signifying that in recipients of an ICD, physical
health is not related to the usage of technology.

Profile Characteristics

Age and Self-Rated Health
We found significant differences in age and self-reported health
among the recipients of an ICD in different profiles, but no
significant difference in sex, educational level, or ICD
indication. Profile 4, which represents individuals with the
lowest READHY scores, is comprised of individuals who are,
on average, 13 years younger than those in the oldest profile.
This contrasts with previous research, where older adults tended
to have poorer health outcomes [15]. The youngest patients had
the lowest scores in self-rated health, indicating that age alone
may not be a strong predictor of ICD-related health outcomes.
This suggests the importance of considering other factors such
as other long-term health conditions and self-rated health status
when assessing patient needs, resources, and capabilities, rather
than age.

Social Support
In alignment with previous findings [15], our interview data
show that emotional and social support from a partner or spouse
plays a role in addressing emotional concerns after ICD
placement. The participants living with a spouse reported an
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exceptionally high level of received care from health care
professionals and had little need to seek additional support.
Conversely, participants living alone expressed feelings of
abandonment, lack of information, and insufficient care from
health care professionals.

The impact of social support on mental well-being is further
evident in the difference in emotional concerns between the
“high-level” and “low-level” groups. The “high-level group”
expressed trust in their ICD and had fewer daily worries about
their condition, whereas all participants in the “low-level group”
reported doubts about their ICD’s effectiveness and ongoing
concerns about their future health. Therefore, the presence or
absence of social support in the form of a spouse or near family
is a crucial factor to consider when identifying patients who
may require additional support and tailored rehabilitation
services.

Digital Health Literacy
The recipients of an ICD had relatively high levels of digital
health literacy scores in both the “low-level” and “high-level”
groups compared to patients with inflammatory bowel disease
[14]. The sufficiency of digital health literacy was further
confirmed during interviews, where all participants reported
regular use of digital health tools in their daily lives. This
contrasts with previous research, which suggests limited
technology engagement among individuals with chronic illnesses
[14]. In our study, recipients of an ICD from various profiles
actively embraced technology for health monitoring; sought
health-related information online; and used devices such as
smartwatches, fitness trackers, and advanced pulse oximeters,
regardless of their profile. This collective engagement suggests
an opportunity among recipients of an ICD to adopt new digital
services and technology.

Our interviews involved individuals from profiles 4 and 3.
Profiles 4 and 3 were selected due to having the overall lowest
and highest READHY scores, respectively, but it should be
noticed that the lowest levels of digital health literacy were
found in profile 1.

The characteristics of participants belonging to profiles 1 and
2 should also be considered when planning rehabilitation.
Identifying individuals within these intermediate profiles is
essential, as they may also exhibit low values in specific
dimensions. Profile 1 had a sufficient level within the areas of
self-management and social support but was found with lower
levels in digital health literacy compared with the other profiles.
The introduction of digital technologies may pose a barrier for
this group, as they do not possess the same high levels of digital
literacy as the other groups. In essence, while they excel in
traditional health-related knowledge, they may struggle when
it comes to using digital health tools and resources. This group
should be approached recognizing their nondigital competence
and with a careful introduction of digital solutions.

Profile 2 was the largest group, characterized by having
sufficient levels on all scales. Despite having lower levels than
those in profile 3, they are considered capable of actively
participating in their rehabilitation including complementary
digital services and technologies. The key here is to recognize

individuals who are less capable than those in profile 4 but still
require increased assistance and rehabilitation services,
especially within the self-management area.

Due to the fact that recipients of an ICD can be clustered into
diverse patient profiles where some have low digital literacy,
we advocate retaining the in-person ICD rehabilitation meeting
as an available option, particularly for individuals belonging to
profiles 1 and 4. This group may benefit from additional support,
counseling, and information throughout their recovery process,
ensuring a more comprehensive and personalized approach to
their care. The interviews indicated that all individuals,
regardless of which of the 2 profiles they belonged to, regularly
used digital services and found them to be comfortable and
reassuring. This suggests that most recipients of an ICD,
including those with lower levels of digital health literacy, can
benefit from the enhanced integration of technology into the
ICD rehabilitation program. Using the READHY instrument to
identify profiles and their associated individuals will serve as
a valuable tool in tailoring future ICD treatments to meet
individual needs.

ICD Indication
Regarding the differences in prophylactic indication, it is
important to recognize that the current treatment pathways vary
based on the indication. Patients undergoing secondary ICD
placement, often due to acute conditions like cardiac arrest,
experience a more prolonged hospital stay compared with those
undergoing planned, elective, primary ICD placement.
Conducting a study that combines both primary and secondary
indications for ICD placement involves including a group of
patients who have not undergone the exact same treatment
process. Despite this, our qualitative analysis remained impartial,
as all interviewed participants underwent secondary ICD
placement, ensuring a one-to-one basis for comparison.

Recipients with primary ICD indications had lower, but
sufficient, levels of all 13 READHY scales compared with those
with secondary indications. This was significant in relation to
support from both professionals (HLQ1) and relatives or peers
(HLQ4); it was also significant in relation to the 3 digital health
scales concerning having access to digital services for those
who need them (eHLQ6), trusting how their data are handled
(eHLQ4), and understanding the health language (eHLQ2). The
higher READHY scores from recipients with a secondary
indication for ICD placement could be due to their prolonged
hospitalization, which gave them more extensive interaction
with health care professionals. Another explanation could be
that this group has not experienced a prolonged history of poor
health, resulting in fewer interactions with the health care sector
and potentially fostering a more optimistic outlook.

Patient Vignettes
A way to make the profiles more present and recognizable by
health care professionals is to create vignettes that describe a
particular average person belonging to a specific profile.

The vignettes offer insights into the unique needs, challenges,
and behaviors of individuals within the “low-level” and
“high-level” groups of this study. By delving into the details of
these vignettes, we aim to provide a deeper understanding of
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how various factors, including health status, social support, and
lifestyle, influence the experiences of recipients of an ICD. The
vignettes serve as representative examples with the purpose of
assisting health care professionals in identifying patient
characteristics, ultimately enabling the delivery of more tailored
support and care to the population of recipients of an ICD. It
remains to be tested in a clinical setting to what extent these
vignettes can help the health care professionals in their everyday
work.

Strengths and Limitations
A strength of the study lies in its foundation on an established
model previously used in patients with other chronic conditions.
The data help translate the understanding of health technology
readiness into a new clinical area, providing a fresh perspective
for health care professionals in cardiology. This enables them
to better meet patients’ needs while considering their resources
and capabilities in a digital context, including mental and social
aspects.

However, a limitation of this study is the absence of interviews
with individuals from profile 1, which is characterized by the
lowest level of digital health literacy, particularly in scales
eHLQ1, eHLQ3, eHLQ5, and eHLQ7. Including interviews
from this group could have yielded valuable insights into the
factors contributing to their low digital competence. By not
doing so, the depth and comprehensiveness of the data were
somewhat limited.

In addition to the above, another potential limitation is the
relatively low number of participants, which may introduce a
risk of bias, as only those with a high level of self-management
ability may have participated. This could also increase the risk
of a type 2 error, potentially overlooking differences between
profiles in sociodemographic characteristics and self-reported
health.

Furthermore, the survey sampling took place over a period of
2 years and 7 months, during which the COVID-19 pandemic
occurred, limiting the number of participants that could be
included. A multicenter study would have been necessary to
achieve a larger sample size within this timeframe. Nevertheless,
despite this limitation, the data still contribute significantly to

our understanding of recipients of an ICD and the dynamics of
their competencies.

Finally, a limitation in interpreting the differences between
primary and secondary indications for ICD placement is worth
noting. Some individuals in the secondary group may have had
preexisting heart conditions, making them more similar to
patients in the primary group. Unfortunately, this factor was
not accounted for in the study design, as the health care
professionals involved no longer had responsibility for these
patients. Although differences in READHY scales and self-rated
health between the groups suggest this may have been a minor
issue, future studies should emphasize assessing preexisting
heart conditions and the need for cardiac resynchronization
therapy.

Conclusion
The profiles developed in this study offer a practical tool to
translate complex data into a more accessible format, enabling
health care professionals to identify individuals who require
additional support and those who may benefit from increased
online contact. These profiles can be transformed into patient
vignettes, presented in a concise text format, which help
clinicians recognize specific needs related to self-management,
digital health literacy, and experienced support in the context
of ICD rehabilitation.

For example, profile 3 demonstrated high readiness scores across
all dimensions, indicating strong self-management capabilities
and a potential for greater engagement with digital health tools.
In contrast, profile 4 had low scores across multiple areas,
representing individuals with significant challenges in managing
their condition and engaging in a rehabilitation process. These
profiles highlight the spectrum of readiness and the need for
tailored interventions.

It is equally important to acknowledge intermediate profiles,
such as profiles 1 and 2, which exhibit unique needs that demand
tailored rehabilitation approaches, particularly in the context of
digital health literacy. By understanding the diversity within
this population and considering the impact of sociodemographic
factors, health status, and social support, health care
professionals can provide more personalized and effective care
to recipients of an ICD in the future.
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Abstract

Electrocardiography is an essential tool in the arsenal of medical professionals, Traditionally, patients have been required to meet
health care practitioners in person to have an electrocardiogram (ECG) recorded and interpreted. This may result in paroxysmal
arrhythmias being missed, as well as decreased patient convenience, and thus reduced uptake. The advent of wearable ECG
devices built into consumer smartwatches has allowed unparalleled access to ECG monitoring for patients. Not only are these
modern devices more portable than traditional Holter monitors, but with the addition of artificial intelligence (AI)-led rhythm
interpretation, diagnostic accuracy is improved greatly when compared with conventional ECG-machine interpretation. The
improved wearability may also translate into increased rates of detected arrhythmias. Despite the many positives, wearable ECG
technology brings with it its own challenges. Diagnostic accuracy, managing patient expectations and limitations, and incorporating
home ECG monitoring into clinical guidelines have all arisen as challenges for the modern clinician. Decentralized monitoring
and patient alerts to supposed arrhythmias have the potential to increase patient anxiety and health care visitations (and therefore
costs). To better obtain meaningful data from these devices, provide optimal patient care, and provide meaningful explanations
to patients, providers need to understand the basic sciences underpinning these devices, how these relate to the surface ECG, and
the implications in diagnostic accuracy. This review article examines the underlying physiological principles of electrocardiography,
as well as examines how wearable ECGs have changed the clinical landscape today, where their limitations lie, and what clinicians
can expect in the future with their increasing use.

(JMIR Cardio 2025;9:e62719)   doi:10.2196/62719
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Introduction

The electrocardiogram (ECG) is one of the most commonly
obtained test results in medical practice [1,2]. By measuring
the electrical activity of the heart, an ECG can indicate cardiac
arrhythmias and structural defects, respiratory disease,
electrolyte disturbances, and even noncardiac events such as
subarachnoid hemorrhage [1]. Traditional 12-lead ECGs are
obtained by placing 10 adhesive electrodes on a patient,
recording 10 seconds of electrical activity, and this snapshot is
recorded for interpretation [3]. With the modern explosion of
portable digital technology, a single lead ECG can now be
performed without adhesive electrodes on a patient, using their
own smart device, and these digital ECGs can be sent across
vast distances for real-time clinician interpretation anywhere,
at any time [3]. Whilst early, studies have suggested that the
positive predictive value for arrhythmias such as atrial
fibrillation (AF) may lie between 84% and 97% [4,5]. With a

range of popular wearable technologies incorporating this
feature, more number of patients with low cardiac risk have
continuous ECG monitoring than ever before. This, plus the
increasing role of deep learning and artificial intelligence (AI)
in ECG interpretation, have implications for medical
practitioners. More patients will be presenting with possibly
abnormal ECGs recorded by their home devices, with associated
anxiety and health care use already reported [6]. It is up to
physicians have a thorough understanding of the basic sciences
underpinning ECG acquisition in order to provide ECG
interpretation and explain how these new devices work. This
article will review the fundamentals of the ECG before
examining the potential impacts of the digital age on
electrocardiography for the modern doctor.

History of the ECG
This history of the ECG is really the history of
electrophysiology, which can be traced back to Galvani’s [7]
experimentation in the 18th century on the role of electricity in
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the frog nervous system. More researchers followed him, and
in 1902, Einthoven broke new ground by accurately recording
the electrical activity of the heart using his string galvanometer
[8,9]. The string galvanometer was not without its drawbacks;
it required the patient to place their hands and 1 foot into a
saltwater solution, 5 assistants to operate, and weighed over
300 kilograms [10].

Thankfully, modern ECG machines have evolved, and now
require only 10 small electrodes to be placed on the patient to
obtain an almost complete view of the heart. Despite this, the
basic principles underpinning ECG acquisition and interpretation
remain unchanged since its 1902 inception, an understanding
of cardiac anatomy and physiology, and physics.

The ECG: Underlying Physiological Fundamentals
Cardiomyocytes have a positive charge on their outer membrane
that result from the intra- and extracellular distribution of ions.

At rest, potassium (K+) ions are at a high concentration

intracellularly whilst sodium (Na+), calcium (Ca2+), and chloride

(Cl-) have a higher concentration outside of the cell [11]. The
balance of ion flow (predominantly by the outward diffusion

of K+ owing to membrane permeability) results in a resting
membrane potential (RMP) of around −90mV [11]. Pacemaker
cardiomyocytes have no stable RMP; instead, there is a
constantly slowly increasing membrane potential mediated by

the slow Na+ “funny current” (If) [11]. Contractile myocytes
are depolarized after pacemaker cells depolarize, thereby

opening If T and L-type Ca2+ channels. Fast-Na+ channels then

open and allow an influx of positive Na+ ions, depolarizing the

cell to about +20mV and opening slow L-type Ca2 channels.
Once these channels close, active transports for sodium and
calcium begin removing these ions to restore ionic equilibrium

and a potassium rectifier channel will open, allowing K+ ions
to leave the cell again, repolarizing the cell (Figure 1) [12,13].
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Figure 1. Cardiac depolarization: myocyte cardiac action potential showing ion flux across the membrane and resultant changes in the resting membrane
potential and depolarization wavefront.

As each cell’s membrane becomes positively charged during
depolarization, they propagate their action potentials to other
nearby cells, and so on. In each wavefront of depolarization,
there will be positive and negative ends, which result in a
moving electrical dipole [14].

A moving electrical dipole creates an electrical current. By
virtue of the body’s ability to act as a volume conductor, the
current field created by the flow of electricity (caused by cardiac
depolarization) is conducted to the thoracic cavity, and from
there, the surface of the body [2,14]. This current flow is thus
detectable as an electrical field on the skin by surface electrodes.
The 2 electrodes act as voltmeters at their respective points and
measure the potential difference between them, with the “view“
between the positive and negative electrode known as a lead.For
example, Lead I represents the potential difference between
voltages measured at the right arm (RA; negative electrode) and
left arm (LA; positive electrode) [15]. As an electric field moves

toward the left arm (positive electrode), a positive potential
difference (or voltage) is recorded, which would be reported as
an upstroke in the ECG trace [14].

It is important to remember that there are many thousands of
myocardial fibers, each with its own electrical wavefront.
Surface electrodes will not be able to distinguish the electrical
field generated by each wavefront, and so, the electrical field
detectable on the surface of the chest wall is determined by the
vectoral sum of the electromotive field strength of all active
components of the myocardium [2]. It is this overall vector sum
(or cardiac dipole) that is represented by the ECG trace. Having
multiple leads allows simultaneous recording of the same current
flow in many different views. Traditionally, a 12-lead view is
used in clinical electrocardiography. This includes Einthoven’s
original 3-lead view, as well as 3 augmented leads (which are
unipolar with a neutral central terminal) and 6 precordial leads
(whose leads lie in a transverse plane) [15]. This requires the
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placement of 10 separate electrodes to create an electrical
window for each lead [2].

A Modern Take
Recently, breakthroughs in both the hardware and software of
mobile devices have drastically changed the paradigm of
ambulatory ECG monitoring, allowing ECG monitoring using
wearable devices and the immediate analysis of ECGs using
AI. Mobile devices are almost ubiquitous in modern society
and are used daily by 2-3 billion people [16]. In a society where
patients are eager for more involvement in their health and have
a smartphone at their fingertips, it should come as little surprise
that technology for home health monitoring has developed at a
rapid pace. The wearable ECG device is an example of this,

available using such devices as Kardia Band (AliveCor) and
the Apple Watch.

The basic science principles behind these devices are the same
as the traditional ECG. The device (whether it be a phone case,
watch case, or other portable device) will have 2 metal plates
that create the positive and negative electrodes of Lead I. When
the right and left hands (or a wrist) touch both of these
electrodes, a bipolar Lead I is created, as per Einthoven’s
original triangle (Figure 2) [17]. The signal is detected using
the same principles of voltage conductance and vector analysis
as the traditional ECG and interpreted using propriety AI
software [18]. This ECG can then be stored, printed, or sent
directly to physicians for interpretation and management.

Figure 2. (A) A photograph an Apple Watch series 4, an example of a wearable electrocardiogram device. The underside of the watch acts as the
positive terminal, whilst the digital crown electrode acts as the negative terminal for Lead I (marked with + and −). When the user touches both
simultaneously, a tracing from the view of Lead I can be recorded. (B) The second panel demonstrates the vector path this takes (RA to LA) on Einthoven’s
triangle. RA: Right arm; LA: Left arm; LL: Left leg

Ambulatory cardiac monitoring is by no means a new
development; Holter first reported the use of his eponymous
cardiac monitor in 1961 [19,20]. However, this new hardware
represents a large step forward in making it more accessible
and has several advantages over the traditional Holter monitor.
Whilst portable, Holter monitors are still bulky and
uncomfortable to wear; they require the patient to visit
technicians for the placement and removal of electrodes; they
are costly to health systems; they cannot be given to patients
indefinitely; and they require patients to take the initial step of
visiting a physician [19]. This is particularly important, as the
asymptomatic patient unaware of their arrhythmia will not
present until serious sequelae (eg, stroke secondary to AF) occur.
Furthermore, patients are often monitored for 24-48 hours,
which has been shown to miss up to 30% of clinically significant
arrhythmias [21].

Undoubtedly, consumer-owned smart technology negates many
of these limitations. The question of efficacy remains. One of
the largest trials to date has been the Apple Heart Study,

including detailed data for over 400 patients [5,18]. In this study,
of the 400,000 initially recruited patients, over 2000 (0.5%)
received a notification for irregular heart rate. Among patients
with detailed data available, the positive predictive value was
0.84 (95% CI 0.76-0.92) for an irregular pulse notification
detecting AF. Most studies are restricted to screening for AF,
and a systematic review has observed overall sensitivities of
around 94% and specificities of 93%-96%, depending on
whether a smartphone or smartwatch was used [22].

Not only has the physical hardware become more portable and
acceptable to patients, but the underlying software interpreting
the acquired ECG has also improved drastically over recent
years. Automated interpretations from traditional ECG machines
have been reported as incorrect between 9% and 35% of
interpretations; however, this depends on what rhythm is being
evaluated (with AF being a particularly troublesome arrhythmia
to diagnose) [23,24]. Newer smart-device AI can learn and adapt
when exposed to a new “learning set” of patient results. By
providing vast training sets of data to these algorithms in testing,
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their overall efficacy is improved, compared with traditional
ECG auto interpretation, which relies on applying strict
measurement parameters to the ECG presented, without the
capacity for learning [25]. For instance, in one of the seminal
papers to describe this breakthrough, a learning set of 109
patients with AF was used, which resulted in the algorithm
adjusting its weighting for P-wave absence [18,20]. This
optimized algorithm had a sensitivity of 100% and a sensitivity
of 96% compared with the initial values of 87% and 97%,
respectively [18]. In an era of greater connectivity, the potential
for crowdsourcing enormous datasets has resulted in more
accurate and reliable algorithms, with several proprietary and
open-source AF-detection algorithms available currently [25,26].
This demonstrates how deep learning that can now be used in
real time for ECG analyses has the potential to far surpass
previous automatic ECG interpretations.

Wearable ECG Monitoring in Clinical Practice
The main use of these devices in clinical practice is the detection
or exclusion of arrhythmias. KardiaPro has been approved in
the United States for the screening and detection of AF, but has
been studied in various other conditions including ventricular
dysrhythmias, atrioventricular node re-entrant tachycardia,
myocardial ischemia, and electrolyte disturbances [18,26-29].
AF is one of the most investigated applications as it is commonly
asymptomatic, has a high prevalence (up to 1.4% of all patients
aged >65 years), and can lead to devasting consequences such
as stroke and death [30]. Studies examining the use of wearable
ECG technology for screening of AF are broadly supportive;
the SEARCH-AF Study used wearable ECG screening in
pharmacies and found newly diagnosed AF in 15 patients
(1.5%), with an overall prevalence of 6.7% [31]. A subsequent
hypothetical community screening economic analysis
extrapolated these results into a cost-effectiveness ratio of US
$4066 per quality-adjusted life year gained, and a cost of US
$20,695 for the prevention of 1 stroke [31]. When compared
with the average inpatient costs of stroke (estimated at US
$20,396 ± $23,256) plus associated outpatient costs (US $17,081
for the first-year plus US $16,689 for every year after), this
represents potentially an enormous cost saving [32,33]. An
Australian study using similar technology introduced nurse-led
smartphone-based AF screening to general practices. The
sensitivity and specificity of the automated algorithm were 95%
(95% CI 83%‐99%) and 99% (95% CI 98% ‐100%),
respectively, and a new diagnosis of AF occurred in 0.8% of
patients [34]. The evidence base for using these devices in
screening at-risk populations is steadily increasing, and several
further trials are planned for examining wearable ECG
technology in other populations, including children [26,34,35].
Case reports exist of wearable ECG technology detecting cardiac
ischemia [36] exercise-related arrhythmias in athletes [37], and

polymorphic ventricular tachycardia [38], although these are
not as commonly studied as the use of ECG for AF screening.

The reasons for these potential benefits over existing
methodologies of AF screening and diagnosis have already been
discussed; some of the biggest advantages are that patients are
more likely to wear these comfortable, easily accessible devices,
faster ECG analysis using AI algorithms with increasing
diagnostic accuracy, and that data can be read in real time by
physicians. There is also a health service economic incentive,
as these devices can be bought by patients themselves for a
fraction of the cost of a Holter monitor, at no cost to health
systems and comparable efficacy for some dysrhythmias [5].
Patients themselves are also enthusiastic; a survey of 88 people
showed that 82% found the device useful and the use of the
device prompted a doctor’s visit in 25% of patients [27]. While
this obviously has a benefit if those patients did have arrhythmia,
it does lead to questions surrounding resource use. This leads
us to consider the potential limitations of this new technology.

Limitations
This technology is not without its potential drawbacks to both
the patient and the clinician. One of the largest technical
drawbacks of this technology is its reliance using Lead I. Having
only 1 positive and 1 negative electrode will only ever be able
to provide a 1-lead view as the potential difference cannot be
measured at further points (and thus obtain more leads) without
more physical electrodes. It is not even possible to obtain
augmented limb leads (which are unipolar and so could
practically be created using only 1 positive electrode) as the
neutral central terminal (Wilson’s Central Terminal) is created
by the average of Lead I, Lead II, and Lead III (3 leads). This
can make the interpretation of dysrhythmias more difficult. For
instance, having only 1 lead makes diagnosis of conduction
delays like a right bundle branch block difficult as the
characteristic pattern (rSR’ in V1) is not necessarily visible in
Lead I. Having only 1 lead on an extremity also increases the
risk of artifacts; without other leads to compare with, artifactual
“noise” is more difficult to exclude, and this noise can be
amplified by having only 1 loosely attached electrode compared
with traditionally several firmly attached electrodes.

One method of circumventing these limitations, however, is by
changing the positioning of the positive terminal of the electrode
(Figure 3). By keeping the negative terminal in the right hand
and moving the positive terminal to the left leg, the potential
difference being measured is in line with Lead II, providing
now a 2-lead view of the heart. This has been shown to improve
the diagnostic accuracy of some cardiac arrhythmias, especially
atrial flutter, which may be more visible in inferior leads [39].
By simply moving this electrode, the sensitivity for atrial flutter
increased from 27.3% to 72.7% [39].
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Figure 3. Electrocardiogram vector change with repositioning. If the orientation of the phone is changed by repositioning the left-hand electrode to
the right leg, the lead window changes from I to II.

There are other patient limitations. Using home ECG monitoring
relies on patient technical skill set, as well as financial security
to purchase one of these devices, and have consistent internet
connectivity. With an aging population, the population that may
benefit the most from the detection of occult arrhythmias (ie,
older population) may be the group that struggles the most with
adopting this technology. In addition, financial cost and
consistent internet connectivity may also prove challenges for
widespread adaptation.

The other major limitation is the practicality of physician access.
Ironically, one of the greatest strengths of these devices (24-hour
continuous monitoring for as long as the patient wants) can also
be a weakness. Whilst a patient who has this technology now
can record an ECG at any point in the day (or night), that does
not necessarily mean that they will have timely access to a
physician across the same hours. Patients who detect a possible
arrhythmia outside of their doctor’s availability may be left with
2 options: wait until an appointment becomes available,
worrying all the while about potential strokes or cardiac events;
or visit their nearest emergency department. From a resource
use standpoint, this becomes worrisome, as in some studies, up
to 7.3% of normal ECGs were reported as abnormal (sensitivity
97.1%, specificity 78.5%). Applied to the real world, that means
7 of every 100 normal ECGs may be reported as abnormal,
resulting in 7 potentially unnecessary hospital visits per 100
normal ECGs. The question of what to do with patients who
present with an abnormal ECG taken on a single lead private
device is a vexing one. One potential solution could be rotating
on-call physicians to review ECGs as they come through (as
these can be sent in real time). However, this will leave open
questions of compensation for the physician, and the eternal
question raised above: how confident can a physician be based
of a 1-lead ECG that there is no further pathology to exclude?
What are the medicolegal implications of not fully working up
a patient with a single positive trace who then has a devastating
cardiovascular event? These issues need to be considered for

the clinician to provide safe and sound medical treatment and
advice to patients and as the prevalence of these devices rises,
these are issues that will be faced by more and more clinicians.

Risk stratification may be useful here. The RITMO study
examined whether having a higher screening threshold in elderly
patients with hypertension and heart failure would increase AF
capture rates. In this study, by stratifying by the stroke risk
analysis algorithm, the rates of AF capture increased from the
reported 3% at baseline to 13.2% [40]. By building risk
stratification software into these devices, appropriate health
care use could perhaps be improved.

Conversely, the lack of follow-up may be another limitation.
Institution-provided monitors (eg, Holter monitors) have their
data reviewed by physicians, and patient follow-up is initiated
in the event of significant dysrhythmias. With consumer-owned
devices, there is no assurance of follow-up, even if a significant
arrhythmia is detected and the patient alerted. This has been
borne out in real-life data, with only 57% of patients in the
Apple Health Study with an irregular heart beat notification
contacting healthcare providers [5].

Conclusions

With an ever-growing health technology sector, wearable
biometrics are more and more likely to appear outside of clinical
research and into clinical practice. Although the machine taking
the recordings becomes smaller and the software interpreting
the readings becomes smarter, the underlying principles remain
the same as what Einthoven first noticed some 100 years ago.
If a clinician is then to have an informed discussion with a
patient regarding the use of a wearable ECG device, then they
must have confidence in their basic sciences to explain the
mechanisms and potential limitations of such a device. With
the anticipated explosion of these devices in people’s private
lives, questions surrounding this are almost a given, and thus,
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all clinicians should be well acquainted with the basic sciences
of electrocardiography.

Wearable ECG devices have many advantages over existing
methods of trace acquisition, but also many potential drawbacks.
The ease of use, patient-centered care, and increased availability
of ECG monitoring must be balanced with a physician’s duty

of care and the potential for false-positive results, creating
unnecessary unease and overtesting, as well as technical
limitations of the devices themselves. Additional research and
guidelines regarding the placement of a potential Lead II view,
as well as thorough guidelines regarding data management,
confidentiality, and physician workload need to be developed
quickly before this technology becomes the standard.
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Abstract

Background: Coronary heart disease (CHD) continues to account for a substantial proportion of deaths worldwide.
Ballistocardiogram (BCG), a noncontact, noninvasive technique for monitoring cardiac activity, has gained increasing attention
for its potential role in various medical applications, particularly in CHD. This review comprehensively explores the applications
of BCG in the diagnostic evaluation of CHD.

Objective: The aim of this systematic review is to evaluate the clinical applications and diagnostic capabilities of BCG in CHD,
with the ultimate goal of enhancing the precision of CHD management and optimizing therapeutic decision-making pathways.

Methods: A literature search was performed in accordance with the PRISMA (Preferred Reporting Items for Systematic Reviews
and Meta-Analyses) 2020 guidelines to identify studies evaluating the use of BCG in CHD. The initial search identified 500
studies. Based on titles, abstracts, and keywords, 266 studies were selected for further review. Following further exclusion of
non-English articles, animal studies, and review articles, 38 eligible studies were included in the final analysis.

Results: Among the 38 studies, 22 focused on the application of BCG in acute coronary syndrome. These studies explored
various aspects, including BCG waveforms in patients with acute myocardial infarction, the diagnosis of acute coronary syndrome,
and the relationship between age and the rate of abnormal BCG waveforms. The remaining studies covered the effects of drugs,
emotions, exercise, and other variables on BCG recordings in patients with CHD. Sample sizes varied significantly across the
studies, 36 studies explicitly reported sample sizes, encompassing a total of 9479 participants with individual study sizes ranging
from 1 to 903 cases. Notably, 13 studies enrolled fewer than 50 participants, raising concerns about potential selection bias and
reduced reliability of the findings.

Conclusions: Overall, while BCG demonstrates significant potential in the diagnosis and prevention of CHD, several limitations
remain. Variability in study design, sample size, and outcome measures poses challenges to the generalizability of findings.
Nevertheless, the capability of BCG to reflect cardiac function and assist in the detection of CHD remains valuable. With continued
research and technological advancement, BCG has the potential to transform current approaches to CHD diagnosis and management,
ultimately improving patient outcomes and quality of life.

(JMIR Cardio 2025;9:e68197)   doi:10.2196/68197

KEYWORDS

ballistocardiogram; coronary heart disease; noninvasive; signal analysis; diagnostic performance; PRISMA

Introduction

CHD remains a leading cause of global morbidity and mortality.
It results from atherosclerosis and the subsequent narrowing or
blockage of coronary arteries, leading to myocardial ischemia,
hypoxia, or necrosis [1]. CHD may also involve other etiologies,
such as inflammation and embolism, which can cause stenosis
or occlusion of the vascular lumen. Despite the availability of
diagnostic modalities, including electrocardiogram (ECG),
exercise stress test, coronary computed tomography
angiography, and coronary angiography, each method has

inherent limitations. For instance, direct contact of ECG
electrodes with the skin may cause allergic dermatitis. During
acute myocardial infarction (MI) or severe arrhythmia, patients
may be unable to perform the required exercise for the stress
test. In addition, coronary computed tomography angiography
involves a contrast agent injection, which may impair renal
function or trigger allergic reactions, while also posing radiation
risks. Although coronary angiography is the gold standard, it
is invasive and costly. Consequently, developing a noninvasive,
simple, and effective diagnostic method for CHD holds
significant clinical value.
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Research has definitively established that abnormal lipid
metabolism is the primary pathogenic mechanism of CHD.
Excess lipids accumulate on the arterial intima and penetrate
the subendothelial space. Within the endothelium, these lipids
are engulfed by macrophages, transforming into foam cells. As
foam cells accumulate in significant numbers, they undergo
apoptosis and necrosis, forming lipid necrosis cores. Over time,
these cores evolve into atherosclerotic plaques, which gradually
expand and narrow the vessels. When plaques rupture or
ulcerate, thrombi may form, leading to blockage or severe
stenosis of the coronary arteries [2].

BCG is a method that measures the force and velocity of the
body’s recoil, resulting from the ejection of blood from the heart
during each heartbeat. This recoil force, known as the ballistic
force, is detected by sensors placed on the body surface,
typically on the trunk or limbs. BCG captures and analyzes the
mechanical vibration signals generated by cardiac activity to
infer coronary artery stenosis. In a healthy state, myocardial
contraction and relaxation are coordinated and powerful,
producing stable and regular vibration signals. However, when
coronary artery stenosis occurs, myocardial blood supply is
reduced, impairing contraction and relaxation [3,4]. This
dysfunction alters the mechanical vibration signals of the heart,
manifesting as waveform abnormalities, reduced amplitude, or
changes in frequency.

Compared with traditional methods, the key advantage of BCG
lies in its noninvasive and straightforward nature, avoiding
allergic reactions and invasive procedures. Furthermore, it
enables real-time, continuous monitoring of cardiac function,
allowing clinicians to assess patient status and treatment
response with greater precision. However, to validate BCG’s
value for CHD, further studies are needed to explore its
correlation with biochemical indicators, such as blood lipid
metabolism [5]. Such investigations will deepen our
understanding of the potential and limitations of BCG in
predicting coronary artery disease (CAD), thereby providing
more accurate guidance for clinical diagnosis and patient
management.

With the rapid advancement of artificial intelligence (AI)
technologies, the processing and interpretation of BCG signals
have also evolved toward more intelligent and automated
approaches. Recent studies indicate that deep learning models,
particularly convolutional neural networks and Siamese
networks, offer promising solutions for feature extraction,
anomaly detection, and disease assessment based on
small-sample medical data [6,7]. These developments highlight
the growing potential of integrating AI-integrated BCG analysis
to enhance diagnostic accuracy and clinical utility.

This study systematically evaluates advancements and clinical
applications of BCG specifically in CHD. We discuss BCG’s
potential in diagnosing and monitoring CHD, focusing on its
role in patients with and without acute coronary syndrome
(ACS). Although BCG shows great promise, its clinical use is
still fragmented and lacks unified validation. This study aims
to clarify BCG’s diagnostic potential in CHD and explore how
integrating AI technologies could improve diagnostic accuracy
and expand its clinical applications.

The paper is structured as follows: Section 1 corresponds to the
Introduction. Section 2 presents the Methods, focusing mainly
on the search strategy. Section 3 contains the Results, which
include the subsections: BCG in Detecting Medical Signals,
BCG in ACS, and BCG in Non-ACS. Section 4 discusses the
key findings and limitations of the study as well as the
conclusions.

Methods

Literature Search
This review followed the PRISMA (Preferred Reporting Items
for Systematic Reviews and Meta-Analyses) 2020 guidelines
[8] and conducted a systematic search of English-language
literature up to April 14, 2024, across PubMed, Scopus, Web
of Science, and the Cochrane Library. The search strategy used
keywords related to “ballistocardiogram,” “ballistocardiograms,”
“ballistocardiograph,” “ballistocardiography,”
“ballistocardiographic,” “BCG,” “coronary artery disease,”
“coronary atherosclerotic heart disease,” “stable angina,”
“unstable angina,” “ST segment elevation myocardial
infarction,” “non-ST segment elevation myocardial infarction.”
In addition, the reference lists of included studies were manually
screened to identify further relevant literature. The full search
strategies are provided in Multimedia Appendix 1.

Selection Criteria
For the review, studies were included if they met the following
criteria: (1) original research studies; (2) participants diagnosed
with CHD; (3) research focus related to BCG; and (4)
publication in English. Exclusion criteria were (1) non-English
publications; (2) animal studies, reviews, or commentaries; (3)
studies with unavailable full text; and (4) duplicate publications.

Search Result
Studies were initially screened based on their titles, abstracts,
and keywords, resulting in 266 potentially relevant studies. Of
these, records were excluded due to inaccessible full texts
(n=197), leaving records for full-text assessment (n=69). One
reviewer performed the initial screening. For records with
uncertain eligibility, a second reviewer was consulted to make
the final inclusion decision. EndNote (Clarivate) was used for
reference management, and no automation tools were applied
in the screening process. Subsequently, non-English papers,
reviews, and animal studies were excluded (n=17). Studies with
duplicates were also removed (n=14). Finally, 38 studies
[4,6,9-44] were included.

Data from the included studies were extracted by one reviewer.
The extracted items included author and publication year, study
content, sample size, and main findings. For any uncertainties
during the extraction process, a second reviewer was consulted.
No automation tools were used for data extraction, and the study
authors were not contacted. EndNote was used solely for
reference management. The extracted data are summarized in
Multimedia Appendix 2.

Among the 38 studies [4,6,9-44], 22 [6,27,28,45-63] focused
on the application of BCG in ACS. These studies explored
various aspects, including BCG waveforms in patients with
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acute MI, the diagnosis of ACS, and the relationship between
age and the incidence of abnormal BCG. The remaining studies
covered the effects of drugs, emotions, exercise, and other
variables on BCG recordings in patients with CHD.

The final selected studies were primarily conducted in the United
States (n=27), the United Kingdom (n=4), China (n=3), Russia
(n=1), and Sweden (n=3). Notably, the United States takes the
lead, followed closely by the United Kingdom.

Results

The flow diagram illustrated in Figure 1 presents the study
selection process based on inclusion and exclusion criteria.
Before presenting the results of the included studies, we briefly
introduce the general applications of BCG in medical signal
detection.

Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses flow diagram.

BCG in Detecting Medical Signals
Myocardial ischemia disrupts the heart’s conduction system,
causing abnormal electrical impulses and arrhythmias, such as
tachycardia or bradycardia. Coronary atherosclerosis narrows
the lumen, potentially reducing or obstructing blood flow to
distal areas, leading to ischemia or necrosis. To compensate,
the heart increases its beat frequency to enhance cardiac output
and alleviate inadequate perfusion. However, this compensatory

tachycardia raises myocardial oxygen demand, worsening
ischemia and perpetuating a vicious cycle. Hence, heart rate
(HR) control is crucial in the management of CHD.

In HR monitoring, BCG signals have attracted considerable
interest due to their rich physiological information.
Unsupervised clustering algorithms [64-68] have been used to
identify intrinsic patterns, while continuous wavelet transforms
[69-74] effectively capture their time-frequency characteristics.
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Adaptive threshold algorithms [75-78] further enhance detection
accuracy, and methods, such as the cepstral [45] and template
matching [46,73], enhance HR feature extraction. The
integration of machine learning has significantly advanced HR
detection by enabling the automatic identification of relevant
features from complex BCG signals, thereby expanding its
clinical applications. Notably, reduced heart rate variability
(HRV) due to autonomic dysfunction has been observed in
cardiovascular conditions, such as myocardial ischemia, as well
as in respiratory diseases like chronic obstructive pulmonary
disease [47], highlighting the relevance of HRV analysis. In
addition, the combination of beat-by-beat and BCG technology
can effectively evaluate left ventricular function [9,10] and has
the potential to become a noninvasive, low-cost left ventricular
function assessment tool in the future. However, large-scale
validation and rigorous methodological controls remain essential
to establish its clinical reliability.

Autonomic neuropathy and vascular dysfunction frequently
coexist and influence each other’s manifestations. In cases where
coronary artery stenosis results in myocardial ischemic necrosis,
the damaged myocardium stimulates chemical and mechanical
receptors on the cardiac wall, triggering a sympathetic stress
response. This heightened sympathetic activity reduces HRV
[48], thereby increasing the risk of cardiac instability. Therefore,
effective management of CHD requires an integrated approach
that addresses both autonomic and vascular components to
optimize cardiac function.

The sophistication of BCG signals for HRV detection has
enabled diverse applications. Sensors like ElectroMechanical
Film [49-51] and Polyvinylidene Fluoride [53-55], commonly
embedded in seat belts and smart beds [51,56,79], are widely
used to capture BCG signals for HRV assessment. In addition,
physiological signals can be recorded using data acquisition
systems such as BIOPAC (BIOPAC Systems) [52]. These
technologies are adaptable to various environments, expanding
the scope of HRV monitoring. Comparative studies highlight
BCG’s utility, showing strong agreement between BCG and
ECG in HRV measurements and revealing consistent trends
[50]. This concordance positions BCG as a valuable complement
to ECG, enhancing the comprehensiveness of HRV assessment.
With ongoing technological advances and further research, the
applications of BCG in HRV detection are expected to expand.
Its versatility and reliability in various settings promise a bright
future for BCG in HRV detection. Meanwhile, studies on
wearable blood pressure (BP) monitoring, such as those using
cuffless pulse transit time (PTT) methods, have demonstrated
promising accuracy and usability, indicating the growing
potential of wearable technologies in cardiovascular health
monitoring [57].

Patients with CHD often exhibit complex and variable BP
patterns. Before the onset of cardiac symptoms, BP may elevate,
reflecting reduced cardiac compliance—diminished heart
elasticity in response to blood flow, necessitating higher
pressures for normal circulation [58]. However, during acute
attacks, ischemia can significantly reduce myocardial contractile
force, causing BP to drop. Compounding this, many patients
also have hypertension, a chronic condition that not only
accelerates coronary atherosclerosis but also chronically

overloads the heart, further compromising myocardial function.
This dual disease burden significantly raises the risk of
cardiovascular events, namely MI and heart failure.

BCG has emerged as a standout in BP detection, leveraging its
unique characteristics. The signal, generated by cardiac
pulsations and arterial blood flow, represents changes in the
external body pressure, enabling noncontact monitoring of heart
activity. BCG, when combined with methods such as PTT or
photoplethysmography, shows comparable accuracy to
traditional cuff-based blood pressure devices. For instance, one
study reported root mean square errors of 6.7 (SD 1.6) mmHg
for systolic and 4.8 (SD 1.5) mmHg for diastolic BP, similar to
values from standard sphygmomanometry [59,60]. By using
techniques, such as clustering [61], regression analysis [62],
and deep neural networks [80], key metrics like pulse arrival
time [50,62,81] and PTT [63,82-91] can be accurately calculated
to estimate BP. In addition, technological advancements are
driving innovations in BCG-based BP monitoring methods.
These include novel devices, such as chair-based systems
[92,93] and wearable limb BCG [87], broadening the
possibilities for accurate and convenient BP monitoring.

In summary, BCG offers distinctive advantages in detecting
vital indicators. Its noninvasive and user-friendly nature
positions it as a pivotal tool for cardiac function assessment,
affording doctors greater precision and depth in diagnostic
analysis.

BCG in ACS
For patients with MI, especially those with non-ST-segment
elevation MI and ST-segment elevation MI, the application of
BCG technology holds significant importance. During an MI,
myocardial cell necrosis and injury affect the heart’s mechanical
and electrical activities, leading to subtle waveform changes in
BCG recordings. For instance, features such as a low I wave,
deep K wave, high H wave, and a notched J wave can all serve
as important indicators of MI [11-16]. Moreover, abnormal
waveforms and amplitude changes are more pronounced on the
acceleration curve than on the displacement or velocity curve
[17]. A study [18] conducted thorough ECG and BCG
measurements on 78 patients with angina pectoris and 32
patients with distal MI. The analysis revealed that 40 (36%)
cases of patients exhibited abnormal ECGs, a concerning figure
indeed. However, the most startling finding was that 88 (80%)
cases showed abnormal BCG results, indicating high sensitivity
of this diagnostic tool in detecting heart diseases. Furthermore,
they discovered that 94 (85%) patients exhibited at least 1 or 2
abnormalities in either their ECGs or BCG, emphasizing the
intricate and diverse nature of heart disease manifestations.
Research [19-21] has shown that abnormal BCG can be recorded
in MI. Concurrently, in one observational study [94], all patients
with symptomatic MI exhibited BCG abnormalities, further
demonstrating its potential in MI detection [30].

With increasing age, the incidence of abnormal ECG and BCG
findings among older patients with MI shows a pronounced
upward trend [22]. Specifically, the frequency of such
abnormalities increases significantly with each decade,
particularly when compared to age-matched healthy individuals.
This significant finding underscores the unique cardiac function
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changes in older patients with MI, holding immense importance
for the prevention and early detection of this condition. Studies
have reported that clinically healthy individuals under 40 years
of age rarely exhibit abnormal BCG recordings. However, after
the age of 80 years, the occurrence of abnormal
electrocardiographic findings rises sharply, approaching 100%
in certain cohorts [23]. This escalating trend underscores the
deterioration of central organ function and the escalating risk
of heart disease among the older population, emphasizing the
need for vigilant monitoring and proactive management.
Cardiovascular aging is a natural phenomenon that involves the
gradual deterioration of vascular structure and function as a
person ages [95]. A study used BCG to observe 21 patients
under 54 years old with a history of MI. They found that 17
(81%) cases exhibited abnormal BCG results, directly reflecting
accelerated cardiovascular aging, particularly a significant
decrease in HJ force (the force of the H and J waves of the BCG)
[24]. This abnormality rate was significantly higher than that
in age-matched healthy controls, indicating signs of accelerated
cardiovascular aging. These findings suggest that BCG-derived
metrics may serve as early indicators of subclinical ischemic
heart disease (IHD), allowing for earlier risk stratification and
preventive intervention in at-risk populations.

Portable BCG monitoring has demonstrated potential as a
diagnostic tool for detecting CAD in patients with angina
pectoris [25]. In cases of insufficient coronary artery blood
supply, there is a high incidence of abnormal BCG patterns,
with the deep K stroke pattern occurring frequently. A parallel
study [5] investigated the correlation between BCG and MI, as
well as the interplay with blood lipids. The findings suggested
that BCG may serve as an indicator of abnormalities in
individuals predisposed to MI and that BCG abnormalities may
be influenced by factors, such as smoking, physical exertion,
and emotional state. Meanwhile, BCG analysis incorporating
respiratory monitoring successfully identified left ventricular
dysfunction beats in a United States cohort study [10]. Using a
nonlinear quadratic discriminant function, the study discovered
that 87% (239/275) of the heartbeats in healthy males were
classified as “normal,” while 98% (45/46) of the heartbeats in
males with CHD were accurately identified as “coronary heart”
beats. Building on prior research, a beat-by-beat analysis was
conducted to assess left ventricular contractility and abnormal
beats, ultimately discovering that 96% of heartbeats stemming
from 6 patients with MI were accurately categorized as
resembling “CAD-like” heartbeats [9], indicating the promising
role of BCG in cardiac abnormality detection.

To better quantify and assess the severity of abnormalities in
BCG after MI, some studies have introduced a grading system
[16]. This system divides BCG into 4 grades: grade I represents
minimal abnormalities, indicating that the patient’s heart
function is basically normal; grade II indicates moderate
abnormalities, suggesting that the patient’s heart function has
recovered to some extent but is not yet fully normalized; grade
III represents significant abnormalities, indicating severe damage
to the heart with limited recovery; and grade IV represents the
most severe abnormalities, suggesting severe impairment and
poor recovery of heart function. This grading system provides
clinicians a systematic framework for severity stratification,

thereby informing more personalized and targeted treatment
strategies.

BCG is not only used for the diagnosis of MI but also effectively
assesses the treatment outcomes and prognosis of patients [26].
Research has shown that the prediction of subsequent MI or
sudden death by BCG is highly accurate, with a statistical
significance of P<.001 [27]. By comparing changes in BCG
signals before and after treatment, clinicians can visually assess
the recovery of patients’ heart function, predict potential risks
of complications, and accordingly adjust and optimize treatment
plans. With its real-time monitoring, high sensitivity, and
specificity, BCG provides powerful support for the diagnosis
and treatment of patients with MI.

BCG in Non-ACS
A study using low-frequency BCG to assess cardiac function
in patients with atherosclerotic heart disease found that, although
IJ amplitude (the amplitude difference between the I wave and
the J wave in the BCG signal) exhibited respiratory-related
fluctuations in these patients, the changes were not significantly
different from those observed in age-matched healthy individuals
[28]. This finding contributes to our understanding of the
physiological implications of arterial sclerosis, particularly
regarding IJ amplitude variability. However, a pivotal
observation emerged from their study. In cases where therapeutic
interventions fail to arrest disease progression, a discernible
upward trend in IJ amplitude becomes evident. This telling shift
may serve as a harbinger of waning heart function or
exacerbating pathological insults, thereby providing clinicians
with a vital tool for evaluating treatment responsiveness and
tracking disease trajectories.

Recent studies have expanded BCG’s diagnostic applications
in cardiovascular assessment. Analysis of myocardial functional
integrity [29] demonstrated particularly high clinical utility for
life insurance evaluations. The research underscored the
heightened prevalence of BCG abnormalities among the older
populations. Subsequent studies [3] further validated BCG’s
diagnostic prowess by using it to screen for suspected CHD in
individuals with chronic chest pain, contrasting results with
ECG findings. Among 197 patients with CHD, 159 (81%)
exhibited an abnormal BCG, while only 14 (7%) cases presented
with concurrent normal BCG and ECG readings, underscoring
BCG’s diagnostic sensitivity. In another investigation,
comparative analysis of BCG recordings from patients with
IHD and healthy participants revealed robust correlations
between IJ velocity, vanillylmandelic acid excess, and
cardiovascular risk. Specifically, patients with IHD on the brink
of mortality consistently exhibit lower initial IJ amplitudes,
offering invaluable insights into the prognostic value of BCG
in assessing imminent cardiac events.

Noninvasive BCG assessment achieved a diagnostic accuracy
of 77%, correctly stratifying 289 of 375 patients with CHD
severity when validated against the gold standard of coronary
angiography [31]. This result highlights BCG’s promise as a
diagnostic adjunct in cardiovascular assessment. A study [32]
used BCG technology to monitor HR and respiration in the 3
months following coronary artery bypass grafting surgery. The
findings revealed that the mean respiration rate was 21.8 (SD
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2.5) breaths per minute, while the mean HR was 67.6 (SD 2.4)
beats per minute. These findings underscore the stability and
recovery trajectory of patients undergoing this complex surgical
procedure. Building upon these successes, other researchers
used BCG to assess myocardial contractility and prognosis
before and after coronary artery bypass grafting [33]. Their
findings indicated a noteworthy 3% increase in average HR and
myocardial strength following the surgical intervention. This
improvement not only validates the efficacy of the surgical
intervention but also highlights the potential of BCG as a
sensitive tool for assessing cardiac function and predicting
patient outcomes.

An observational study compared the BCG of 77 patients with
CHD and 48 healthy individuals and further analyzed the
changes in BCG parameters, such as time interval from I wave
to J wave, time interval from J wave to K wave, and energy of
the HIJK wave complex, before and after surgery [34]. Notably,
statistical analysis revealed significant differences across these
indicators: time interval from I wave to J wave (mean 95, SD
9 vs mean 78, SD 11 ms), time interval from J wave to K (mean
72, SD 10 vs mean 63, SD 8 ms), and energy of the HIJK wave
complex (mean 0.020, SD 0.009 vs mean 0.010, SD 0.006 V²).
Postoperatively, the BCG amplitude exhibited an increase, and
the I-peak became significantly deeper, suggesting positive
physiological changes. Also, a novel method was developed
using micromotion-sensitive mattresses to gather BCG signals
and then leveraged the ensemble empirical mode decomposition
method to calculate HRV for disease classification [35]. This
approach achieved a diagnostic accuracy of 92% by correctly
classifying 17 of 18 participants. These results highlight the
value of integrating advanced signal acquisition and processing
in BCG-based diagnostics. Further advancing the field, another
study [36] used the combination of short-time Fourier transform
and ensemble empirical mode decomposition to accurately
identify IJK complexes within BCG signals and assess HR. The
proposed approach achieved a mean absolute error of 0.99 (95%
CI −1.81 to 3.79) bpm, underscoring the high degree of accuracy
and reliability achieved through the fusion of these advanced
analytical techniques, opening new avenues for BCG-based
cardiac monitoring and diagnosis.

The research has revealed that inducing hypoxemia serves as
an advantageous approach in assessing critical physiological
indicators like cardiac output and pulse pressure in humans
under stressful conditions. This technique enables the
maintenance of a consistent stress level for an extended period,
ultimately ensuring the reliability and precision of collected
data. Critically, the induction of hypoxemia minimizes the
likelihood of artificial distortions in BCG recordings, a pivotal
factor in securing accurate diagnostic outcomes [96]. As a result,
when ECG and BCG readings in the resting state are
inconclusive or ambiguous [37], it is advisable to consider
capturing these 2 data types again in a simulated hypoxemic
environment. This strategy may yield more profound and
definitive diagnostic insights into CAD [38], particularly in
scenarios where traditional diagnostic methods fail to provide
clear-cut results. The value of this approach cannot be
overstated.

As is well known, smoking history is one of the risk factors for
CHD. Smoking damages endothelium and promotes
atherosclerosis. Notably, smoking can also significantly alter
the BCG of patients [39]. Studies have highlighted a stark
contrast, with only approximately 8/114 (6.8%) healthy
individuals experiencing BCG deterioration post smoking,
compared to a staggering 51/86 (59%) individuals with CHD
[40]. To further explore the intricate interplay between emotional
states and BCG dynamics, BCG monitoring was performed on
48 patients with IHD [41], aiming to elucidate the association
between emotional states and alterations in IJ velocity. The
analysis demonstrated that 5/6 participants exhibited a positive
correlation between IJ velocity and emotional arousal
(r=0.34‐0.90), while 4/6 participants displayed a positive
correlation between HR and emotional arousal (r=0.60‐0.90).
These findings underscore the intricate link between emotional
states and BCG parameters, particularly in patients with IHD,
highlighting the potential clinical significance of monitoring
BCG in such contexts.

Excessive exercise load can significantly exacerbate symptoms
in patients with CHD and even trigger severe angina. In this
emergency situation, nitroglycerin becomes the key medication
to alleviate symptoms. According to research results, the
majority of patients with CHD showed significant improvement
in their BCG after taking nitroglycerin [13,42]. Nitrite also has
an impact on the BCG. After inhaling amyl nitrite, healthy
individuals may experience a temporary increase in BCG
amplitude. In patients with CAD, this change is minimal.
Moreover, the IJ waveform of BCG cannot accurately reflect
the cardiac output [43]. BCG monitoring of isosorbide dinitrate
therapy in patients with CHD demonstrated that normalization
of BCG was more prevalent among patients experiencing
symptom improvement compared to those with normal ECG
[44]. This suggests that BCG provides a more sensitive and
objective evaluation tool than ECG for assessing therapeutic
effects in patients with CHD.

By continuously monitoring changes in heart electrical activity,
BCG technology provides timely diagnostic evidence for
doctors, enabling them to quickly adopt emergency treatment
measures, effectively preventing further deterioration of the
condition, and buying precious treatment time for patients.

Discussion

Principal Findings
This study provides a comprehensive review and analysis of
the widespread application of BCG in the field of CHD and its
use in monitoring vital signs, emphasizing its importance and
future potential. BCG, as a novel technology for cardiovascular
function monitoring, uses relevant techniques to detect key
indicators such as HR, HRV, and BP. It not only offers a new
method for HR monitoring but also represents a low-cost,
high-precision, and noncontact technology. In CHD, BCG aids
in diagnosis and disease classification, and it plays a critical
role in assessing treatment effectiveness. According to the
literature, 208/239 (87%) heartbeats from healthy males were
correctly classified as “normal” through BCG analysis, while
45/46 (98%) heartbeats from male patients with CHD were
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accurately identified as “CHD” heartbeats. When compared to
coronary angiography, BCG showed a 77% accuracy by
categorizing 289/375 patients according to their CHD severity.
The application of BCG technology not only improves the
accuracy and efficiency of diagnosis but also significantly
enhances targeted and personalized treatment in patient care,
revolutionizing the management and treatment of CHD.

Limitations
In terms of the review process, several limitations should be
noted. First, although we adopted a systematic approach, only
English-language literature was included, which may introduce
language bias. Second, data extraction was performed by a
single reviewer, with a second reviewer consulted only when
uncertainties arose; this could lead to potential subjectivity.
Furthermore, no formal quality assessment of the included
studies was conducted, and the review protocol was not
prospectively registered, which may affect the transparency and
reproducibility of the review.

Although BCG has become a research hotspot due to its
potential and prospects in the medical field, its application in
CHD research is still relatively limited. Most of the studies are
concentrated in high-income countries, such as the United States
and the United Kingdom. However, the total number of related
studies remains small globally, indicating that the research
activity and depth in this field remain insufficient. Although
some studies have reported sample sizes exceeding 900, this
number still appears relatively small compared to other more
mature research fields, indicating that large-scale studies based
on BCG are still significantly insufficient in CHD research. In
terms of research content, the current focus is mainly on the
analysis of waveform abnormalities, and there is a lack of
in-depth research and clear conclusions on how to specifically
use BCG to diagnose CHD, as well as which specific waveform
changes correspond to CHD. This has limited the application
of BCG technology in the diagnosis of CHD. As for accuracy,
although BCG technology has shown an acceptable level of
accuracy in current research, it is important to acknowledge that
sensor design and signal processing itself is a complex and
highly specialized field. These factors may all have an impact
on the accuracy and reliability of BCG. Therefore, more in-depth
and systematic research and validation are needed before
applying it to the diagnosis of CHD. To improve BCG accuracy
in CHD research, identifying and removing artifacts is crucial.
Recent studies have highlighted the importance of multimodal
monitoring, particularly the integration of ECG and BCG, for

artifact reduction, offering valuable insights for BCG’s CHD
application [97]. In addition, in home environments, BCG
signals may be affected by data loss and motion artifacts due
to patient movement or device misplacement, further affecting
signal quality and diagnostic reliability [47]. In summary,
although BCG has shown certain potential and prospects, there
are still many challenges and limitations in its application in
the diagnosis of CHD. Therefore, further research and
development are required to better explore the potential of BCG
and to establish a more robust and reliable theoretical and
practical foundation for its application in the diagnosis of CHD.
While this review focuses on the current clinical applications
and challenges of BCG in CHD, the rapid advancement of AI
presents an exciting opportunity to enhance BCG signal analysis.
Future studies should investigate AI-driven feature extraction
and predictive modeling to improve diagnostic accuracy and
facilitate personalized cardiovascular monitoring.

Conclusions
BCG is a noninvasive cardiovascular detection method. Through
summarizing relevant literature, the application of BCG in CHD
has been explored, mainly in recording BCG in patients with
MI and angina pectoris. These studies have laid the foundation
for the diagnosis and treatment of CHD in the future. With the
continuous innovation and improvement of technology, BCG
is expected to play an increasingly important role in the
diagnosis and treatment of CHD. Its unique advantages and
potential make it an important pillar in this field, bringing more
hope and good news to patients. It is anticipated that as research
deepens and technology matures, BCG will be able to diagnose
more accurately, providing doctors with more comprehensive
and accurate patient information, which will facilitate the
development of personalized treatment plans. This will help
improve the treatment effectiveness of CHD, enhance patients’
quality of life, and even potentially reduce medical costs,
bringing greater benefits to society. At the same time, it is hoped
that more researchers will contribute to the development of
BCG, advancing progress and innovation in this field. Through
interdisciplinary collaboration, further exploration of the
potential of BCG in CHD diagnosis and treatment can be
achieved. This will not only help promote the advancement of
medical technology but also bring more blessings and hope to
patients. In short, as an emerging technology, BCG has
unlimited possibilities and hopes for application in the field of
CHD. It is expected to improve treatment outcomes and quality
of life for patients, while playing an increasingly important role
in the development of the medical field.
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Abstract

Background: The management of heart failure (HF) requires complex, data-driven decision-making. Although electronic health
record (EHR) systems and clinical decision support (CDS) tools can streamline access to essential clinical information, it remains
unclear which EHR elements and tools cardiologists and general medicine physicians prioritize when caring for patients with
HF.

Objective: This study aims to identify these elements and tools to improve the user interface design of future EHR applications.

Methods: This study used a user-centered design research approach to understand physician workflows and decision-making
needs in HF care. A cross-sectional online survey was administered to 302 physicians, comprising 150 cardiologists (including
15 HF specialists) and 152 general medicine physicians. Respondents reported their use of EHR variables (eg, medication lists,
laboratory results, diagnostic tests, problem lists, clinical notes) for decision-making in HF care, as well as their time spent in the
EHR before, during, and after patient visits along with their use of predictive models and patient-reported outcome questionnaire.

Descriptive analyses, χ2 tests, and t tests were conducted to compare groups, with statistical significance set at P<.05.

Results: A total of 302 health care providers participated in the survey, nearly evenly split between cardiologists (49.7%,
150/302) and general medicine physicians (50.3%, 152/302). Both groups consistently relied on medication lists, vital signs,
laboratory results, diagnostic tests, problem lists, and clinical notes for HF decision-making. Cardiologists placed greater emphasis
on diagnostic tests for inpatient HF care (mean [SD] overall frequency, 4.66 [0.50] vs 4.44 [0.64]; P=.012) and outpatient HF
care (mean [SD] overall frequency, 4.67 [0.55] vs 4.35 [0.71], P<.001). In contrast, general medicine physicians relied more on
problem lists for inpatient HF care (mean [SD] overall frequency, 4.63 [0.58] vs 4.43 [0.72], P=.034), with no significant difference
in the outpatient setting (P>.05). Both groups underutilized standardized questionnaires and predictive models, with only 20.1%
(29/144) of cardiologists and 4.5% (6/133) of general medicine physicians using standardized questionnaires (P<.001)

Conclusions: Both physician groups depend on medication lists, laboratory results, diagnostic tests, and problem lists.
Cardiologists prioritize diagnostic tests, whereas general medicine physicians more often use problem lists. Low use of
questionnaires and predictive models highlights the need for better integration of these tools. Future EHR design interface should
tailor functionalities to accommodate these differing priorities and optimize HF care.

(JMIR Cardio 2025;9:e79239)   doi:10.2196/79239

KEYWORDS

heart failure management; electronic health records; clinical decision support; cardiologists; general medicine physicians; workflow
integration; health care technology; predictive models; provider satisfaction; user-centered design; user interface design; user
experience design; health informatics
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Introduction

Background
Heart failure (HF) affects more than 64 million people globally
[1], placing a significant burden on health care systems [2,3].
In the United States, HF is a leading cause of hospitalization
among older adults [4] and is associated with high rates of
morbidity and mortality [2,3]. Effective management of HF
requires timely and accurate decision-making based on multiple
clinical variables, including patient history, laboratory results,
imaging, and treatment adherence [5-7]. Ensuring that this
critical information is readily available to health care providers
in a clear and timely manner is a crucial step in achieving
optimal HF management.

An electronic health record (EHR) is an electronic version of a
patient’s medical history that is maintained by the health care
provider over time [8]. It includes all key administrative and
clinical data relevant to the patient’s care under that provider,
such as demographics, progress notes, problem lists,
medications, vital signs, past medical history, immunizations,
laboratory results, and radiology reports [8,9]. By automating
access to information, the EHR has the potential to streamline
clinical workflows and make clinical information readily
available to health care providers [8,10]. It can also support a
range of care-related activities—either directly or
indirectly—through interfaces designed for evidence-based
decision support [10].

A clinical decision support system (CDSS) delivers timely
information, usually at the point of care, to assist health care
providers in making informed decisions about a patient’s care
[11]. When integrated with an EHR, a CDSS can access relevant
patient data, highlight key clinical information, and provide
tailored recommendations to health care providers [12].

Knowledge Gap
The first step in designing a new health information technology
system for CDSS is to identify the needs of users and define
the system’s intended functions. A design process includes and
revolves around communication with end-users to ascertain
their behaviors, motivations, pain points, and needs, as a
user-centered design. A user-centered design is an approach for
developing applications that incorporates user-centered activities
throughout the entire development process [13]. This approach
enables end-users to shape the design, enhancing overall
usability [14]. In HF, decision-making largely depends on
clinical variables and tools, especially when initiating or titrating
medications [5-7]. However, identifying the specific EHR
variables and tools that cardiologists and general medicine
physicians prioritize during HF management remains essential.
While prior work has characterized general specialty differences
in EHR use [15], the limited uptake of risk prediction tools [16],
and patient-reported outcomes in routine practice [17], no study
has, for HF specifically, quantified which EHR data elements
clinicians deem most important, nor contrasted cardiology versus
general medicine priorities across inpatient and outpatient care.

Objective
Accordingly, this study aimed to determine which EHR
information and tools these providers consider most important
in their clinical decision-making while caring for patients with
HF. Consequently, future CDSSs can be designed and developed
accordingly.

Methods

Study Design
We used a mixed methods, user-centered approach that
incorporated a variety of quantitative and qualitative techniques.
This study was a cross-sectional survey of a diverse pool of
physicians. We recruited a group of cardiologists, HF specialists,
and general medicine physicians through Dynata (Dynata,
Shelton, CT, USA), a large data firm that maintains survey
participant panels, to answer clinical scenario questions in an
online survey. The anonymous online survey was developed
using Qualtrics. We stopped the survey once we reached 302
physicians (150 cardiologists and 152 general medicine
physicians). Because Dynata recruits participants until a
predefined quota is achieved, the response rate information is
not available for this study.

Survey Instrument
The survey was developed and informed based on insights from
earlier phases of user-centered research to reduce provider
workload, enhance provider decision-making, and improve
patient care. This included provider (physician, nurse,
pharmacist, or physician assistant) observations, interviews,
and prototyping at the University of Michigan, the Veterans
Affairs Ann Arbor Healthcare System, St. Joseph Mercy Ann
Arbor Hospital, and Henry Ford Hospital and a review of
existing literature on EHR-based CDSS for HF management.
Specific areas observed included the tools the EHR providers
use both inside and outside to care for patients with HF, the
pain points encountered when using the EHR system to manage
patients with HF, the time required to review a patient in the
EHR, and the tools used to streamline workflow in patient
management.

The questionnaire (Multimedia Appendix 1) consisted of several
domains, including the provider’s clinical role, whether they
treat patients with HF, the percentage of time they spend on HF
care, and the types of patients they manage (inpatients,
outpatients, or both). It also gathered information on years of
experience using EHRs, the amount of time spent interacting
with the EHR before, during, and after patient visits, the number
of software applications and predictive tools used daily, and the
most frequently used EHR vendor. Most importantly, the survey
included a Likert-scale question assessing how frequently
providers rely on a list of clinical information for HF treatment
decisions in both inpatient and outpatient settings. Participants
were recruited from a national online physician panel (Dynata).
The survey did not implement stratified sampling by geographic
region, institutional type (eg, academic vs community), or
practice ownership. To enable planned comparisons, the survey
used a quota by specialty (cardiology vs general medicine);
otherwise, enrollment was consecutive until the target sample
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size was reached. The study reported practice setting (inpatient,
outpatient, or both), EHR vendor, and years of EHR use to
characterize sample diversity. The survey was validated through
an independent expert review by HF cardiologists, HF clinical
pharmacists, and survey methodologists; we incorporated their
feedback via iterative revisions to improve clarity, relevance,
and completeness.

Statistical Analysis
Descriptive statistics were used to summarize the baseline
characteristics of the participants, which included their clinical
roles, the time providers spent caring for patients with HF, the
EHR systems used, and the duration of EHR usage before,
during, and after patient visits. Frequencies and percentages
were calculated for each category.

Our primary variable of interest was the clinical variables that
providers used in clinical decision-making for HF and how these
were prioritized. Responses to survey questions related to our
primary variable of interest were captured using a 5-point Likert
scale. The scale ranged from 1 to 5, where 1=never, 2=rarely,
3=sometimes, 4=often, and 5=always. Providers were asked to
indicate how frequently they used that information in their
decision-making process for each type of Likert-scaled clinical
information (eg, diagnostic tests, laboratory results, and clinical
notes). The responses were numerically coded according to the
Likert scale, and the mean score for each group (cardiologists
and general medicine physicians) was calculated by averaging
the numerical responses. The SD was also calculated to indicate
the variability in responses within each variable. Our secondary
variable of interest was the time spent on EHRs before, during,
and after patient visits, as well as the number of software
systems used daily by both cardiologists and general medicine
physicians.

The χ2 tests were used to assess differences in categorical
variables for comparison between provider groups (eg,
cardiologists vs general medicine physicians). The t tests were
used for continuous variables, with statistical significance set
at P<.05. R programming (version 4.4.2; R Foundation for

Statistical Computing) and SAS (version 9.4; SAS Institute Inc.)
were used to conduct these analyses and generate the figures.

Ethical Considerations
This study was deemed exempt by the University of Michigan
Institutional Review Board because it was not found to constitute
human subject research. All participants provided electronic
informed consent within Qualtrics before beginning the survey.
Recruitment and compensation were managed by Dynata;
participants received panel-standard incentives, and the study
team did not access personal contact information or payment
details.

Results

Participants
A total of 302 health care providers participated in the survey
with cardiologists representing 49.7% (150/302) of the
population and general medicine physicians representing 50.3%
(152/302) of the population. Of the general medicine group,
50% (76/152) were family medicine physicians and 50%
(76/152) were internal medicine physicians. Among
cardiologists, 10% (15/150) specialized in HF. In terms of time
spent managing HF, 42.7% (129/302) of respondents spent
1%‐24% of their time, 37.4% (113/302) spent 25%‐49%,
10.3% (31/302) spent 50%‐74%, and 9.6% (29/302) spent
75%‐100%. Most (66.6%, 197/302) provided both inpatient
and outpatient care; 27% (80/302) cared only for outpatients,
and 6.4% (19/302) only for inpatients.

EHR Use Across the Visit Workflow
EHR usage varied across the clinical workflow. Before visits,
58% of cardiologists (87/150) and 64% of general medicine
physicians (97/152) reported spending 3‐10 minutes in the
EHR, whereas during visits, usage was typically between 1 and
5 minutes. After visits, 61% of the respondents (184/302)
reported 3‐10 minutes of use. Overall, 92.4% of participants
(279/302) had over 5 years of experience with EHRs. Detailed
distributions are provided in Table 1. The time spent reviewing
EHR before, during, and after patients’ visits is shown in Table
2.
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Table . Baseline provider demographics.

Value, n (%; n=302)Variable

150 (49.7)Cardiologist

15 (10.0)    HF Cardiologist

152 (50.3)General Medicine

76 (50.0)    Family Medicine

76 (50.0)    Internal Medicine

Percent of time the provider spent caring for patients with heart failure

129 (42.7)    1%‐24%

113 (37.4)    25%‐49%

31 (10.3)    50%‐74%

29 (9.6)    75%‐100%

Provider care setting

19 (6.4)    Inpatient only

80 (27.0)    Outpatient only

197 (66.6)    Both

Length of time the provider has been using an EHRa

1 (0.3)    0‐2 years

19 (6.3)    3‐5 years

279 (92.4)    >5 years

3 (1.0)    Unknown

EHR company used most frequently

29 (9.6)    Allscripts

39 (13.0)    Cerner

142 (47.2)    Epic

18 (6.0)    MEDITECH

73 (24.2)    Other

Number of different software systems used daily

86 (28.6)    1

105 (34.9)    2

73 (24.3)    3

20 (6.6)    4

17 (5.6)    5 or more

aEHR: electronic health record.
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Table . EHRa usage before, during, and after patient visits.

n (%)Time spent in the EHR

Prior to a patient visit

5 (1.7)    0 minutes

62 (20.7)    1-3 minutes

95 (31.7)    3-5 minutes

88 (29.3)    5-10 minutes

50 (16.7)    >10 minutes

While in a patient visit

33 (11)    0 minutes

82 (27.2)    1-3 minutes

79 (26.2)    3-5 minutes

65 (21.6)    5-10 minutes

42 (14)    >10 minutes

After a patient visit

12 (4)    0 minutes

52 (17.2)    1-3 minutes

92 (30.5)    3-5 minutes

92 (30.5)    5-10 minutes

54 (17.9)    >10 minutes

aEHR: electronic health record.

Information Elements Used for HF Decisions
Both cardiologists and general medicine physicians, across
inpatient and outpatient care, consistently used medication lists,
vital signs, laboratory results, diagnostic tests, problem lists,
clinical notes, medical history, and allergies in their clinical
practice.

Cardiologists more frequently relied on diagnostic tests for
inpatient HF treatment decisions than general medicine

physicians (mean [SD] overall frequency, 4.66 [0.50] vs 4.44
[0.64]; P=.012). However, general medicine physicians relied
on problem lists more than cardiologists (mean [SD] overall
frequency, 4.63 [0.58] vs 4.43 [0.72]; P=.034). In contrast, there
was no significant difference between both in the use of other
variables (eg, medication lists [P=.098], vital signs [P=.420],
and laboratory results [P=.244]). Figures 1 and 2 demonstrate
the clinical variables that cardiologists and general medicine
physicians relied on for clinical decision-making in patients
with HF.
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Figure 1. Frequency providers used clinical information in their decision-making process for inpatients. The figure illustrates the frequency of reviewing
EHR data elements by cardiologists and general medicine physicians in an inpatient setting. Data elements are ordered by overall frequency of use and
shown as mean (SD). EHR: electronic health record; GP: general medicine physician.

Figure 2. Frequency providers used clinical information in their decision-making process for outpatients. The figure illustrates the frequency of
reviewing EHR data elements by cardiologists and general medicine physicians in an outpatient setting. Data elements are ordered by overall frequency
of use and shown as mean (SD). EHR: electronic health record; GP: general medicine physician.

Cardiologists also relied more on diagnostic tests for outpatient
treatment decisions than general medicine physicians (mean
[SD] overall frequency, 4.67 [0.55] vs 4.35 [0.71]; P<.001).

Additionally, general medicine physicians reviewed clinical
notes less frequently than cardiologists (mean [SD] overall
frequency, 4.50 [0.67] vs 4.65 [0.64]; P=.042).
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Use of Standardized Questionnaires and Predictive
Models
Both provider groups underutilized standardized questionnaires
and predictive models. Only 20.1% (29/144) of cardiologists
and 4.5% (6/133) of general medicine physicians reported using
standardized questionnaires, resulting in a significant difference
(P<.001). Predictive model usage was similarly low, at 23.1%
(33/144) among cardiologists and 27.3% (36/133) among
general medicine physicians, with no significant difference
between the groups (P=.423). The denominators (144
cardiologists and 133 general medicine physicians) reflect the
subset of respondents who completed these specific survey
questions; 8.3% of participants (25/302) skipped these questions.

Time in EHR by Specialty
Cardiologists spent significantly more time reviewing the EHR
before patient visits than general medicine physicians. Among

cardiologists, 31.8% (47/150) spent 5‐10 minutes reviewing
the EHR before patient visits, whereas 36.8% (56/152) of
general medicine physicians spent only 3‐5 minutes (P=.035).
However, there were no statistically significant differences in
EHR usage during or after visits between the two groups
(P=.247 and P=.170, respectively). Table 3 illustrates this in
more detail.

Number of Software Systems Used Daily
Cardiologists were more inclined to use multiple software
systems, with 31.5% (47/150) using three different systems,
while 40.1% (61/152) of general medicine physicians used only
2 (P=.001). Table 3 shows the number of different software
systems used daily.

Table . Time spent in the EHRa and number of software systems used daily by specialty.

P valueGeneral medicine physician (n=152)Cardiologist (n=150)Variable

0.035Time spent in the EHR prior to a
patient visit

2 (1.3)3 (2)    0 minutes

36 (23.7)26 (17.6)    1-3 minutes

56 (36.8)39 (26.4)    3-5 minutes

41 (27)47 (31.8)    5-10 minutes

17 (11.2)33 (22.3)    >10 minutes

0.247Time spent in the EHR while in a
patient visit

19 (12.5)14 (9.4)    0 minutes

36 (23.7)46 (30.9)    1-3 minutes

40 (26.3)39 (26.2)    3-5 minutes

39 (25.7)26 (17.5)    5-10 minutes

18 (11.8)24 (16.1)    >10 minutes

0.17Time spent in the EHR after a pa-
tient visit

8 (5.3)4 (2.7)    0 minutes

25 (16.5)27 (18)    1-3 minutes

43 (28.3)49 (32.7)    3-5 minutes

54 (35.5)38 (25.3)    5-10 minutes

22 (14.5)32 (21.3)    >10 minutes

0.001The number of different software
systems used on a daily basis

53 (34.9)33 (22.2)    1

61 (40.1)44 (29.5)    2

26 (17.1)47 (31.5)    3

6 (3.9)14 (9.4)    4

6 (3.9)11 (7.4)    5 or more

aEHR: electronic health record.
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Discussion

Principal Findings
Both cardiologists and general medicine physicians rely heavily
on specific EHR data, including medication lists, vital signs,
laboratory results, diagnostic tests, problem lists, and clinical
notes, when managing HF. Accordingly, new EHR interfaces
should be designed to ensure these essential elements are
presented in a clear, accessible format that supports timely
clinical decision-making. In contrast to previous research
suggesting that specialists and primary care physicians regard
a patient’s clinical history—chief complaint, history of present
illness, and past medical history—as among the most critical
EHR sections for HF evaluation [18], our study found that both
provider groups used past medical history less frequently.

Comparison With Prior Work
While both provider groups relied on similar categories of
information, our survey highlighted notable differences in how
cardiologists and general medicine physicians prioritize EHR
data and tools. Specifically, cardiologists placed greater
emphasis on diagnostic tests, whereas general medicine
physicians more frequently used the problem list. These findings
are consistent with a multi-specialty survey in which 50% of
specialists ranked imaging data among their top five information
needs, compared with only 27% of primary care physicians
[18]. Conversely, 61% of primary care physicians ranked the
problem list in their top five, as opposed to just 27% of
specialists [18]. This focus on the problem list aligns with the
broader, long-term management responsibilities typically
associated with primary care physicians. Indeed, one large study
showed primary care physicians entering over 80% of all
problem list items, whereas specialists contributed relatively
few [19]. These differences highlight the importance of
designing EHR interfaces that accommodate the distinct
workflows and data needs of both specialists and general
medicine physicians.

Differences also emerged in the use of software systems. Our
survey suggests that cardiologists tend to use a greater number
of software systems during HF care. For example, a cardiologist
might navigate the primary EHR for notes and orders, a separate
cardiology picture archiving and communication system for
imaging [20], and device-specific platforms for pacemaker and
International Classification of Diseases data [21]. General
medicine physicians, by comparison, usually work within a
single EHR ecosystem for most tasks. This describes the
“network of systems” approach in specialty care: a
one-size-fits-all EHR often fails to meet all specialty needs,
leading many specialists to adopt “best-of-breed” solutions
(multiple integrated systems tailored to their domain) [18]. In
contrast, general medicine physicians may engage more with
general CDSS alerts or chronic disease management prompts
embedded in the EHR (eg, health maintenance reminders,
drug-interaction alerts). Prior research has noted that primary
care physicians place higher value on medication-related
information and may be more receptive to certain decision
support tied to the problem list or medication list [18].

Our survey indicates that cardiologists spend significantly more
time reviewing the EHR prior to patient visits than general
medicine physicians. This confirms that certain medical
subspecialties experience high EHR workloads. In a large
cross-specialty analysis, infectious disease, endocrinology, and
nephrology were among the top specialties for total EHR time,
on par with or exceeding primary care [22]. These fields, much
like cardiology, manage complicated patients with multiple
comorbidities and large volumes of data, which naturally
translates into more time spent reviewing results, notes, and
orders in the EHR [22]. Enhanced EHR design and workflow
customization tailored to specialty needs may be beneficial. For
example, cardiology-specific dashboards that compile recent
cardiac test results, or smarter integration of hospital records
and consult notes, could streamline pre-visit preparation for
cardiologists. Likewise, adopting team-based planning elements
in cardiology clinics (where appropriate) might offload routine
data gathering from physicians. The goal would be to reduce
the unnecessary time clinicians spend clicking and searching
in the chart, thereby improving efficiency without sacrificing
thoroughness.

Our survey revealed the underutilization of standardized
questionnaires (eg, patient-reported outcome measures) and
predictive risk models by both cardiologists and general
medicine physicians in routine HF care. Despite the proliferation
of risk prediction tools and symptom questionnaires for HF,
their adoption in everyday practice remains low. Dozens of HF
risk models (for outcomes such as mortality or readmission)
have been published, but clinicians rarely incorporate these
models at the point of care [23]. One review noted that there is
no clear guideline consensus on which risk score to use, and in
a large European HF registry, fewer than 1% of patients had
any prognostic risk score documented in their medical record
[23]. Clinicians often cite multiple barriers: predictive models
developed in research may lack perceived reliability for
individual patients, can be too complex or inconvenient, and
may not readily fit into clinical workflows [23]. In HF,
physicians may also feel that risk stratification adds little to
their clinical judgment—for instance, some may perceive that
patients with HF are high risk by default, so a calculated risk
score might not change management [24]. This skepticism,
combined with the absence of strong guideline recommendations
for specific models, leads to very limited use of risk calculators
at the bedside. Similarly, standardized questionnaires such as
the Kansas City Cardiomyopathy Questionnaire (KCCQ) or
other quality-of-life instruments are infrequently used by busy
clinicians despite their proven value in research settings. Major
HF guidelines encourage the assessment of patient-reported
health status using tools like the KCCQ to capture symptoms
and quality of life. In practice, however, the routine use of
KCCQ and other patient-reported outcome surveys is rare, and
these instruments are often reserved for clinical trials or
specialized programs [25].

Implications for EHR/CDSS Design
Aligned with our findings, CDSS changes should mirror
observed use patterns: as cardiologists prioritized diagnostic
tests, spent more pre-visit EHR time, and used more systems,
the CDSS should surface diagnostic test summaries early in the
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workflow and aggregate test information to reduce pre-visit
review and system switching; because general medicine
physicians relied more on the problem list (inpatient), the CDSS
should orient guidance around the problem list with clear access
from inpatient views. Given that both groups consistently used
medication lists, vitals, laboratory results, diagnostic tests,
problem lists, and notes, decision cues should be placed adjacent
to these high-traffic elements rather than in separate modules.
Finally, the low reported use of standardized questionnaires and
predictive models suggests placing prompts and access points
for these tools on the same screens clinicians already frequent,
instead of standalone locations.

Limitations
This study has several limitations. First, the cross-sectional
survey design captures only a snapshot of providers’EHR usage
patterns and priorities, limiting the ability to infer causal
relationships or temporal changes. Second, data were
self-reported, introducing the potential for recall and social
desirability biases. Third, the survey was administered through
a single vendor (Dynata), which may limit generalizability if
respondents are not fully representative of all cardiologists and
general medicine physicians. Fourth, patient outcomes or clinical
effectiveness measures associated with EHR usage were not
assessed, precluding direct links between specific EHR practices
and improvements in HF care. Fifth, although the sample
included providers from diverse health care systems, differences
in EHR functionalities and vendors across institutions may
influence how respondents interact with and prioritize EHR
data. Sixth, the survey did not stratify by geographic region,

institutional type, or practice setting; thus, the panel-derived
sample may not perfectly reflect the national distribution of HF
specialists and general medicine physicians. While specialty
quotas supported planned comparisons, residual sampling bias
remains possible. Seventh, although Likert scale data are ordinal,
responses were treated as continuous for calculating means and
conducting t tests. This approach, commonly used in health
informatics and social science research, assumes equal intervals
between response categories, which may not fully capture
participants’ subjective perceptions. Results should therefore
be interpreted with this methodological consideration in mind.
Finally, because participants were recruited from a national US
physician panel and the study team is based in the United States,
the findings primarily reflect clinical practices and EHR systems
in the United States. Therefore, generalizability to other
countries with different health system structures and EHR
implementations may be limited.

Conclusions
Cardiologists and general medicine physicians depend on
medication lists, vital signs, laboratory results, diagnostic tests,
problem lists, and clinical notes to manage HF. Cardiologists
place greater emphasis on diagnostic tests, spend more pre-visit
EHR time, and use more software systems, whereas general
medicine physicians rely more on problem lists for inpatient
care. Both groups underutilize standardized questionnaires and
predictive models. Tailoring the interface design of the EHR
and CDSS tools to these specialty-specific needs could
streamline workflows and improve HF management.
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Abstract

Background: Atrial fibrillation (AF) is associated with an increased risk of stroke. Oral anticoagulation (OAC) is used for
stroke prevention in AF, but it also increases bleeding risk. Clinical guidelines do not definitively recommend for or against OAC
for patients with borderline stroke risk. Decision-making may benefit from values clarification exercises to communicate risk
trade-offs.

Objective: This study aimed to evaluate if a visual with a values clarification alters the understanding of the trade-offs of
anticoagulation in AF.

Methods: Participants aged 45‐64 years were recruited across the United States via an online survey. While answering the
survey, they were asked to imagine they were newly diagnosed with AF with a CHA2DS2-VASc (congestive heart failure;
hypertension; age ≥75 years [doubled]; type 2 diabetes; previous stroke, transient ischemic attack, or thromboembolism [doubled];
vascular disease; age 65 to 75 years; and sex category) score of 1 for men and 2 for women. Eligibility criteria included no
diagnosis of AF and no prior OAC use. Participants were randomized to one of three conditions: (1) standard text-based information
only (n=255), (2) visual aids showing stroke-risk probabilities (n=218), or (3) visual aids plus a values clarification exercise
(visual+VC; n=200). Participants were subrandomized within the 2 visual-based groups to view either a gauge display or an icon
array representing stroke risk. All participants read a hypothetical scenario of being newly diagnosed with AF and hypertension.
The primary outcome was decision confidence as measured by the SURE (Sure of Myself; Understand Information; Risk-Benefit
Ratio; Encouragement) test. Secondary measures included participants’ perceived stroke risk reduction, worry about stroke or
bleeding, and likelihood to choose OAC.

Results: A total of 673 participants completed the survey. The overall SURE test was 61.2% (156/255) for the standard, 66.5%
(145/218) for the visual, and 67% (134/200) for the visual+VC group (visual vs standard P=.23; visual+VC vs standard P=.20).
Participants were less likely to choose OAC in the visual groups (standard: mean 58.3, SD 30; visual: mean 51.4, SD 32; visual+VC:
51.9, SD 28; P=.03). Participants felt the reduction in stroke risk from an OAC was less in the visual groups (standard: mean
63.8, SD 22; visual: mean 54.2, SD 28; visual+VC: mean 58.6, SD 25; P<.001). Visualization methods (gauge vs icon array)
showed no significant differences in overall SURE test results. Participants were less likely to choose OAC and perceived a
smaller stroke risk reduction with gauge than icon array (OAC choice: gauge 48.8, icon array 55.4; P=.03; stroke risk reduction:
gauge 52.1, icon array 60.4; P=.001).

Conclusions: Visual aids can modestly affect decision confidence and perceptions regarding the benefits of OAC but do not
significantly alter decision certainty in a scenario where the guidelines do not recommend for or against OAC. Future work should
determine the role of a gauge versus icon array visual for decision-making in stroke prevention in AF.

(JMIR Cardio 2025;9:e67956)   doi:10.2196/67956
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Introduction

Risk stratification and shared decision-making are essential in
stroke prevention in atrial fibrillation (SPAF). In a wide variety
of patients with AF, anticoagulation reduces the risk of ischemic
stroke by 65% with a relative 2-fold increase in major
extracranial bleeding compared to placebo [1-3]. Yet, medication
responses vary across patients. Personalized risks and benefits
are available to clinicians via the CHA2DS2-VASc (congestive
heart failure; hypertension; age ≥75 years [doubled]; type 2
diabetes; previous stroke, transient ischemic attack, or
thromboembolism [doubled]; vascular disease; age 65 to 75
years; and sex category) and HAS-BLED (hypertension,
abnormal renal/liver function, stroke, bleeding history or
predisposition, labile international normalized ratio, elderly
[>65 years], drugs/alcohol concomitantly) risk scoring systems,
representing the risk of stroke and bleeding in AF [4-6]. These
tools can provide a tailored estimate of a patient’s benefit and
risk of anticoagulation in AF.

Many current AF-shared decision-making tools use visual tools
such as icon arrays to display the percent risk of stroke
(CHA2DS2-VASc) and risk of bleed (HAS-BLED). While such
tools help convey probabilities to patients [7], such
probability-focused communications do not visually distinguish
between different outcomes. This is a problem because it may
lead patients and clinicians to give similar weight to these
outcomes even though the medical complications of a stroke
are far greater than the medical complications of a bleed. AF
guidelines indicate that for the majority of patients where
anticoagulation is recommended (CHA2DS2-VASc ≥2), the
HAS-BLED is best used to remove or treat risk factors for
bleeding (eg, stop concomitant aspirin or nonsteroidal
anti-inflammatory drugs and treat hypertension) rather than to
determine if anticoagulation should or should not be given.

One approach to encouraging more thoughtful consideration of
the different possible outcomes of AF is using values
clarification exercises [3]. Values clarification exercises are
structured activities that encourage people to consider how much
subjective weight they place on different possible outcomes
[8-10]. For many years, developers of patient decision aids have
encouraged the inclusion of values clarification exercises in
such tools to increase the alignment of medical decisions with
patient preferences. However, there is limited evidence on the
comparative effectiveness of these different formats in the
context of oral anticoagulation (OAC) decision-making in AF.

We report the results of a multistep design and evaluation
process to explore the potential for integrating values
clarification exercise–derived patient values into presentations
of the risks and benefits of anticoagulant therapy. We based our
work on the Ottawa Decision Support Framework (ODSF), an
evidence-based midrange theory guiding patients’ health
decisions [11,12]. The framework is based on concepts from
psychology, decision analysis, and decision conflict to evaluate
the quality of outcomes in providing decision support. In this
project, we engaged patients and providers in the user-centered
design of a decision support tool for anticoagulation in AF
(ODSF step 1), built the technology to deliver this tailored

decision support tool (ODSF step 2), and tested if the decision
support tool with a values clarification improves the knowledge
of the trade-offs of anticoagulation in AF (ODSF step 3).

Methods

Study Design
We used a user-centered design to develop the decision support
tool. For the user-centered design, we conducted an iterative
series of user experience interviews with adults recruited from
the general population, medical providers, and patient-provider
dyads. We recruited participants from the general Ann Arbor,
Michigan, population participants during February or March
2020 (first round), April 2020 (second round), and May 2020
(third round). In addition to these general patient interviews,
we interviewed 6 providers and performed 2 patient-provider
dyad interviews. These patient interviews were conducted
virtually due to the COVID-19 pandemic.

After completing the design of the decision support tool, we
performed a randomized controlled trial using a sample of adults
recruited from across the United States using a panel managed
by the online survey company Qualtrics. Participants were
eligible if they were 45 to 64 years old, had not been diagnosed
with AF, and had not taken anticoagulants.

The Qualtrics-administered survey asked participants to imagine
themselves as a patient diagnosed with AF and hypertension,
which made the imaginary patient a CHA2DS2-VASc score of
1 for men and 2 for women. This was chosen because using
anticoagulation in those patients is not definitive in the
guidelines, and patients may need decisional support [1]. All
participants then received text-based education about AF, stroke
risk in AF, and the need for anticoagulation. Following the
education, we randomized patients to receive no visual (standard
group), a visual representation of relevant probabilities of risk
of stroke in AF (visual group), or to the new decision support
tool that combined design-tailored visual displays with a values
clarification (visual+VC group). The survey provider performed
the randomization. Quotas were used to ensure adequate sex
(50% female), race (maximum of 62.3% White), and ethnicity
(minimum of 12.4% not Hispanic or Latino) across all groups.
Randomization was done until those quotas were met, which
led to more than 200 participants in each group.

The values clarification group was presented with an exercise
to evaluate which health event matters more to them: avoiding
bleeding or stroke. This values clarification exercise altered the
recommendation to “start anticoagulation” or “don’t start
anticoagulation” based on a slider movement between the 2
health events. As the user moved the slider toward avoiding a
stroke, the pointer moved toward the recommendation to “start
anticoagulation.” As the user moved the slider toward avoiding
bleeding, the pointer moved toward the recommendation to
“don’t start anticoagulation.” In addition, those randomized to
the visual or visual+VC group were subrandomized to receive
either a gauge display showing the CHA2DS2-VASc score or
an icon array representing the individual’s probability of
experiencing a stroke using a person icon [7]. The individuals’
probability of experiencing a stroke did not change during the
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values clarification exercise. Figures 1-4 display examples of
the 4 visualizations. Participants were also asked several
questions to capture baseline characteristics. The complete

survey, including consent, patient scenario, educational content,
and questions, is available in Multimedia Appendix 1.

Figure 1. Example visualization of values clarification with icon array for a 75-year-old female with hypertension.
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Figure 2. Example visualization of values clarification with gauge for a 75-year-old female with hypertension.
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Figure 3. Example visualization with icon array for a 75-year-old female with hypertension.

Figure 4. Example visualization with gauge for a 75-year-old female with hypertension.

Outcomes
Participants completed the SURE (Sure of Myself; Understand
Information; Risk-Benefit Ratio; Encouragement) screening
test, which assesses the conflict a person has when making a
decision [13]. The SURE test was used to understand if the

participants in this study felt comfortable with their own decision
to take or not take an OAC after reviewing the standard
education or visuals. This was the primary outcome of this
randomized trial [14]. The four yes-or-no questions are: (1) Do
you feel SURE about the best choice for you? (2) Do you know
the benefits and risks of each option? (3) Are you clear about
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which benefits and risks matter most to you? (4) Do you have
enough support and advice to make a choice? Patient comfort
was assessed as the percentage of participants answering yes to
all the questions. Additionally, we measured anticoagulation
intentions by the question: “Based on how you feel about this
decision right now, would you say you will choose to,” with
anchors, “Definitely TAKE an anticoagulant,” (100) on the right
of the scale and, “Definitely NOT take an anticoagulant,” (0)
on the left.

Secondary outcomes were questions about the participants’
understanding of anticoagulation for SPAF. The questions were:
(1) How much of a reduction would anticoagulation make to
your risk of stroke in AF? (0 to 100 scale: 0=Very small to
100=Very large); (2) How important is anticoagulation for
SPAF? (0 to 100 scale: 0=Not at all important to 100=Very
important); (3) How worried would you be about bleeding if
you took anticoagulation for SPAF? (0 to 100 scale: Not at all
worried to Very worried); and (4) How worried would you be
about having a stroke if you did NOT take anticoagulation? (0
to 100 scale: Not at all worried to Very worried).

Statistical Analysis
The study was powered to detect 10 percentage differences, for
example, 50% of patients in the standard group versus 60% of
patients in the visual group and 70% of patients in the visual+VC
group answering “Yes” to all questions on the SURE test, the
primary outcome. This was considered a clinically meaningful
difference between experimental groups. A total sample size of
480 survey participants (160 in each group) provided greater
than 90% power to detect such a difference using a chi-square

test. We set our recruitment goal for this study at 200
participants in each arm to account for variation in the estimates.
The SURE test was reported as a percent of participants
answering “Yes” as the numerator and the total number of
participants as the denominator. The secondary outcome
questions were analyzed using an analysis of variance and
reported as a mean and SD of the scale in each group.

Ethical Considerations
This study was determined to be exempt by the University of
Michigan Institutional Review Board (HUM00183776).
Participants consented to participate in the survey study.
Completed questionnaires were collected anonymously, and
the data were deidentified. The service provider, Qualtrics, was
paid for each participant that completed the survey.
Compensation was provided by the service provider to the
participants in the study.

Results

Baseline Characteristics
We recruited a total of 673 participants who completed the
survey and were randomized to receive standard written
communication (standard group), a visual representation of
relevant probabilities (visual group), or the new decision support
tool that combines design-tailored visual displays with values
clarification (visual+VC group). Participant enrollment and
allocation are summarized in the flow diagram (Figure 5). The
average age was 54 (SD 6) years, and about half of the
participants in the survey were female. Table 1 shows more
detailed baseline demographics of the participants.

Figure 5. Flow diagram for patient enrollment, randomization, and analysis.
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Table . Baseline characteristics.

P valueVisual+VC (n=200)Visual (n=218)Standard (n=255)Variable

.9354.3 (6.1)54.5 (5.8)54.4 (5.8)Age (years), mean (SD)

.7697 (48.5)102 (46.8)128 (50.2)Sex (female), n (%)

.55Race, n (%)

26 (13)27 (12.4)34 (13.3)    Black

24 (12)21 (9.6)29 (11.4)    Other

150 (75)170 (78)192 (75.3)    White

.0224 (12)44 (20.2)55 (21.5)Hispanic or Latino, n (%)

.68Self-rated health status, n
(%)

7 (3.5)8 (3.7)4 (1.6)Poor

34 (17)43 (19.7)40 (15.7)Fair

90 (45)104 (47.7)126 (49.4)Good

57 (28.5)51 (23.4)66 (25.6)Very good

12 (6)12 (5.5)19 (7.5)Excellent

.66156 (78)162 (74.3)196 (76.9)Seen an HCPa in last 12
months, n (%)

.95164 (82)177 (81.2)210 (82.4)Prescription insurance, n
(%)

.2361 (30.5)64 (29.4)61 (23.9)Knows someone with

AFibb, n (%)

.39103 (51.5)103 (47.3)115 (45.1)Knows someone taking an

OACc, n (%)

.24Confidence filling out
forms, n (%)

1 (0.5)3 (1.4)6 (2.4)    Never

2 (1)5 (2.3)0 (0)    Occasionally

10 (5)11 (5.1)18 (7.1)    Sometimes

40 (20)39 (17.9)42 (16.5)    Often

147 (73.5)160 (73.4)189 (74.1)    Always

.1387 (43.5)74 (33.9)102 (40)Help reading, n (%)

.6277 (38.5)77 (35.2)101 (39.6)Problems reading, n (%)

aHCP: health care provider.
bAFib: atrial fibrillation.
cOAC: oral anticoagulation.

SURE Test Results
The overall SURE test, saying “yes” to all 4 components, was
61.2% (156/255) for the standard group, 66.5% (145/218) for
the visual group, and 67% (134/200) for the visual+VC group
(visual vs standard, odds ratio [OR] 1.26, 95% CI 0.86‐1.84;
P=.23; visual+VC vs standard, OR 1.29, 95% CI 0.87‐1.90;

P=.20). In exploratory analyses of each question, participants
felt more sure about the best choice for them, question 1 of the
SURE test, if they were presented with either visual compared
to standard education (visual vs standard, OR 1.59, 95% CI
1.01‐2.49; P=.04; visual+VC vs standard, OR 1.48, 95% CI
0.94‐2.33; P=.09). Table 2 shows the overall SURE test and
the individual components.
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Table . SUREa test by group.

ORb (95% CI) and P valueVisual+VC, n (%)Visual, n (%)Standard, n (%)Variable

134 (67)145 (66.5)156 (61.2)Yes to all 4 SURE questions • Visual versus No Visu-
al: 1.26 (0.86‐1.84);
P=.23

• Visual+VC versus No
Visual: 1.29 (0.87‐
1.90); P=.20

163 (81.5)180 (82.6)191 (74.9)Do you feel SURE about the
best choice for you? Yes

• Visual versus No Visu-
al: 1.59 (1.01‐2.49);
P=.04

• Visual+VC versus No
Visual: 1.48 (0.94‐
2.33); P=.09

179 (89.5)193 (88.5)224 (87.8)Do you know the benefits
and risks of each option?
Yes

• Visual versus No Visu-
al: 1.07 (0.61‐1.87);
P=.82

• Visual+VC versus No
Visual 1.18 (0.66‐
2.12); P=.59

173 (86.5)185 (84.9)225 (88.2)Are you clear about which
benefits and risks matter
most to you? Yes

• Visual versus No Visu-
al: 0.75 (0.44‐1.27);
P=.28

• Visual+VC versus No
Visual: 0.85 (0.49‐
1.49); P=.58

151 (75.5)167 (76.6)189 (74.1)Do you have enough support
and advice to make a
choice? Yes

• Visual versus No Visu-
al: 1.14 (0.75‐1.74);
P=.53

• Visual + VC versus No
Visual: 1.08 (0.70‐
1.65); P=.65

aSURE: Sure of Myself; Understand Information; Risk-Benefit Ratio; Encouragement.
bOR: odds ratio.

Participants were less likely to choose to take an OAC when
shown either visual compared to standard education. The
average rating was 58.3 (SD 30) in the standard group, 51.4
(SD 32) in the visual group, and 51.9 (SD 28) in the visual+VC
group (P=.03). Participants also felt that the reduction in stroke
risk from an OAC was less in either visual group than in the

standard education group. The average rating was 63.8 (SD 22)
in the standard group, 54.2 (SD 28) in the visual group, and
58.6 (SD 25) in the visual+VC group (P<.001). Table 3
demonstrates more detail on the questions about choosing OAC
and stroke risk.
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Table . Questions about choosing OACa and stroke risk by group.

P valueVisual+VC, mean (SD)Visual, mean (SD)Standard, mean (SD)Variable

.0351.9 (28.0)51.4 (32.0)58.3 (30.0)Based on how you feel
about this decision right
now, would you say you will
choose to:

0=Do not take OAC,
100=Take OAC

<.00158.6 (25.0)54.2 (28.0)63.8 (22.0)How much of a reduction
would anticoagulation make
to your risk of stroke in

AFibb? 0=very small,
100=very large

.5573.9 (16.0)75.7 (19.0)75.6 (18.0)How important is anticoagu-
lation for stroke prevention
in AFib? 0=Not important,
100=Extremely important

.6363 (23.0)65.2 (25.0)64.3 (24.0)How worried would you be
about bleeding if you took
anticoagulation for stroke
prevention in AFib? 0=Not
worried, 100=Extremely
worried

.2162.1 (26.0)63 (28.0)66.3 (26.0)How worried would you be
about having a stroke if you
did NOT take anticoagula-
tion? 0=Not worried,
100=Extremely worried

aOAC: oral anticoagulation.
bAFib: atrial fibrillation.

No significant differences were found between the visualization
methods, gauge, and icon array for the outcome of the SURE
test. Participants answered “yes” to all 4 SURE test questions,
65.9% (137/208) when shown a gauge and 67.6% (142/210)
when shown an icon array group (P=.70). Participants were less
likely to choose to take an OAC when shown a gauge compared

to an icon array (mean 48.8, SD 31 vs mean 55.4, SD 30; P=.03).
Participants also felt that the reduction in stroke risk from an
OAC was less when shown a gauge than an icon array (mean
52.1, SD 27 vs mean 60.4, SD 25; P=.001). Table 4 provides
further details regarding choosing OAC and stroke risk by
visualization method.
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Table . Questions about choosing OACa and stroke risk by visualization method.

P valueIcon array (n=210), mean (SD)Gauge (n=208), mean (SD)Variable

.0355.4 (30.0)48.8 (31.0)Based on how you feel about this
decision right now, would you say
you will choose to: 0=Do not take
OAC, 100=Take OAC

.00160.4 (25.0)52.1 (27.0)How much of a reduction would
anticoagulation make to your risk

of stroke in AFibb? 0=very small,
100=very large

.7675.1 (18.0)74.6 (17.0)How important is anticoagulation
for stroke prevention in AFib?
0=Not important, 100=Extremely
important

.7363.7 (24.0)64.5 (24.0)How worried would you be about
bleeding if you took anticoagulation
for stroke prevention in AFib?
0=Not worried, 100=Extremely
worried

.1164.7 (27.0)60.5 (27.0)How worried would you be about
having a stroke if you did NOT take
anticoagulation? 0=Not worried,
100=Extremely worried

aOAC: oral anticoagulation.
bAFib: atrial fibrillation.

Discussion

Principal Results
This trial investigated the difference in participant preferences
for OAC for SPAF after reviewing 3 different approaches, which
included standard education (standard group), a visual
representation of relevant probabilities of risk of stroke in AF
(visual group), or the new decision support tool that combined
design-tailored visual displays with a values clarification
(visual+VC group). The visuals were created using a
user-centered design approach with iterative feedback from
patients and providers. These visuals are unique because of the
addition of values clarification and because most current tools
use a dot-based icon array to show stroke risk in AF [15,16].
Each participant was given a scenario with a CHA2DS2-VASc
risk score, and the guidelines do not expressly state whether a
patient should be prescribed an OAC. The 3 strategies did not
affect the participants’ comfort in deciding to take an OAC
between study groups, measured by the SURE test.

Participants were less likely to take an OAC and felt that the
reduction in stroke risk from an OAC was less when shown
either the visual or visual VC compared to standard education.
This is unique for the CHA2DS2-VASc score of 1 for men and
2 for women, which we showed participants. Since the
guidelines do not recommend for or against OAC in this
population, visuals like the ones in this study could persuade
patients not to take OAC.

Interestingly, the values clarification visual did not demonstrate
a difference in the participants’ comfort in taking an OAC
compared to the other visual group. This could have been due
to several factors. Based on patient feedback, we used a

horizontal bar for the values clarification. Previous versions of
the tool we created and those in the literature used a vertical bar
to represent the values clarification [8]. The horizontal bar could
have led to more confusion than vertical bars. Additionally, the
participants in this study were older than those in other studies
using values clarification. Older participants may need more
in-person help with the visuals. This could have led to more
confusion with the intent of the visuals.

Although not the study’s primary outcome, the 2 visual types,
gauge or icon array, influenced the participants’decision to take
an OAC and changed their perception of the stroke risk
reduction from an OAC compared to the person-based icon
array. Showing risk with the gauge made participants less likely
to take an OAC, and they felt that the reduction in stroke risk
from an OAC was smaller than the icon array. A body of
research demonstrates the value of icon arrays in risk
communication [17-20]. This difference in risk demonstration
in this study could be explained by the lower detail presented
in the gauge compared to the icon array, which represents a
matrix of icons showing the at-risk population. The more
detailed icon array could have made it easier for participants to
understand the estimated risk and decide to take an OAC.

Limitations
There are several limitations to this study. First, the tool is meant
for a shared decision-making session with a patient and provider,
but the survey was done with members of the general public.
Second, the survey was conducted with the general public to
decrease any bias the provider would add to the shared
decision-making situation in the study. If this tool was
implemented as shared decision-making with a provider, it could
lead to a better understanding of the tool. Future research should
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investigate the use of the tool with a provider present to guide
and educate the patient. Third, newer AF guidelines have been
published since the time of the study’s completion. Although
our methods and educational materials referred to earlier
guidelines, the updated guidelines recognize a borderline
stroke-risk threshold (eg, CHA₂DS₂-VASc of 1 for men or
2 for women) where shared decision-making remains a priority.

Conclusions
Overall, the study suggests visual aids can modestly affect
decision confidence and perceptions regarding the benefits of
anticoagulation therapy but do not significantly change overall
decision certainty in a scenario where the guidelines do not
recommend for or against the treatment. Future work should
determine the role of a gauge versus icon array in visual aids
for decision-making in SPAF.
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Abstract

Background: The Portfolio Diet is a dietary pattern for cardiovascular disease (CVD) risk reduction with 5 key categories
including nuts and seeds; plant protein from specific food sources; viscous fiber sources; plant sterols; and plant-derived
monounsaturated fatty acid sources. To enhance implementation of the Portfolio Diet, we developed the PortfolioDiet.app, an
automated, web-based, multicomponent, patient-facing health app that was developed with psychological theory.

Objective: We aimed to evaluate the effect of the PortfolioDiet.app on dietary adherence and its acceptability among adults
with a high risk of CVD over 12 weeks.

Methods: Potential participants with evidence of atherosclerosis and a minimum of one additional CVD risk factor in an ongoing
trial were invited to participate in a remote web-based ancillary study by email. Eligible participants were randomized in a 1:1
ratio using a concealed computer-generated allocation sequence to the PortfolioDiet.app group or a control group for 12 weeks.
Adherence to the Portfolio Diet was assessed by weighed 7-day diet records at baseline and 12 weeks using the clinical Portfolio
Diet Score, ranging from 0 to 25. Acceptability of the app was evaluated using a multifaceted approach, including usability
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through the System Usability Scale ranging from 0 to 100, with a score >70 being considered acceptable, and a qualitative analysis
of open-ended questions using NVivo 12.

Results: In total, 41 participants were invited from the main trial to join the ancillary study by email, of which 15 agreed, and
14 were randomized (8 in the intervention group and 6 in the control group) and completed the ancillary study. At baseline,
adherence to the Portfolio Diet was high in both groups with a mean clinical Portfolio Diet Score of 13.2 (SD 3.7; 13.2/25, 53%)
and 13.7 (SD 5.8; 13.7/25, 55%) in the app and control groups, respectively. After the 12 weeks, there was a tendency for a mean
increase in adherence to the Portfolio Diet by 1.25 (SD 2.8; 1.25/25, 5%) and 0.19 (SD 4.4; 0.19/25, 0.8%) points in the app and
control group, respectively, with no difference between groups (P=.62). Participants used the app on average for 18 (SD 14) days
per month and rated the app as usable (System Usability Scale of mean 80.9, SD 17.3). Qualitative analyses identified 4 main
themes (user engagement, usability, external factors, and added components), which complemented the quantitative data obtained.

Conclusions: Although adherence was higher for the PortfolioDiet.app group, no difference in adherence was found between
the groups in this small ancillary study. However, this study demonstrates that the PortfolioDiet.app is considered usable by
high-risk adults and may reinforce dietitian advice to follow the Portfolio Diet when it is a part of a trial for CVD management.

Trial Registration: ClinicalTrials.gov NCT02481466; https://clinicaltrials.gov/study/NCT02481466

(JMIR Cardio 2025;9:e58124)   doi:10.2196/58124

KEYWORDS

diet; apps; dietary app; Portfolio Diet; dietary portfolio; cholesterol reduction; cardiovascular disease; eHealth; usability;
acceptability

Introduction

Background
Cardiovascular disease (CVD) remains the leading cause of
death globally [1]. Effective prevention and management
strategies are needed to target modifiable risk factors for CVD.
Several recent Canadian population-based studies have shown
that many patients at high CVD risk continue to have
low-density lipoprotein cholesterol (LDL-C) levels well above
the guideline targets [2,3]. LDL-C has been extensively studied
and described as a causal factor for CVD [4]. LDL-C levels
above the target can result from multiple factors such as
insufficient LDL-C lowering with statins, statin-related side
effects, suboptimal medication adherence, and treatment inertia
[5]. Amid these challenges, dietary approaches for CVD risk
reduction emerge as a potentially powerful tool [6] with clinical
practice guidelines universally recommending diet and lifestyle
as the cornerstone of therapy for addressing CVD [7,8].

The Portfolio Diet is a dietary pattern recognized by clinical
practice guidelines in Canada and internationally, including the
Canadian Cardiovascular Society [7,8] Diabetes Canada [9],
Obesity Canada [10], Canadian Cardiovascular Harmonized
National Guidelines Endeavour [11], Heart UK [12], European
Atherosclerosis Society [13], and the American College of
Cardiology and American Heart Association guidelines [14].
The Portfolio Diet has been shown to have the same LDL-C
and inflammatory (C-reactive protein) reductions (approximately
30%) as statin therapy in a head-to-head randomized controlled
trial in participants with hyperlipidemia [15]. A systematic
review and meta-analysis of clinical trials [16] confirmed these
“drug-like” effects and demonstrated clinically meaningful
cardiovascular benefits on other targets including
non–high-density lipoprotein cholesterol, apolipoprotein B,
triglycerides, blood pressure, and estimated 10-year CVD risk.

Although the Portfolio Diet, among other dietary patterns, is
recognized in guidelines, uptake and implementation of nutrition

therapies in clinical practice remains limited. This dilemma
stems from several barriers that hinder the widespread adoption
of nutrition therapies. Chief among these challenges are the
shortage of available health support services, the restricted
access to registered dietitians, the time constraints faced by
physicians, and the lack of comprehensive education and tools
[17,18]. The resulting consequence of these obstacles is that
many patients who would benefit from nutrition therapy do not
receive it [19]. In a survey of Canadian patients randomly
selected from family health networks, only 37% reported
receiving nutrition counseling in primary care [20], highlighting
the need for effective dissemination strategies.

Due to their highly scalable nature, the use of technology to aid
in the dissemination and delivery of lifestyle behavior change
interventions has become of great interest with the number of
studies investigating health apps having gone up rapidly since
2010 [21]. Web- and mobile-based applications (hereafter apps)
provide an important alternative and complementary approach
for the delivery and long-term reinforcement of health advice.
Previous work has found that apps can be a cost-effective
method for the delivery of lifestyle interventions such as in
smoking cessation [22,23]. As smartphones become common
everyday household items, the possible reach and impact of
using apps to deliver interventions grows. Currently, it is
estimated that over 300,000 health apps exist on app stores [24];
however, most publicly available health apps remain untested.

Objective
To enhance the implementation of the Portfolio Diet in health
care settings, we developed the PortfolioDiet.app [25], a free,
web-based, multicomponent, patient-facing engagement and
educational tool. While we have previously undertaken quality
improvement and usability testing of the PortfolioDiet.app in
a convenience sample [26], the app has not yet been evaluated
in its intended population of adults at high risk of CVD.
Therefore, the objective of this study was to evaluate the effect
of the PortfolioDiet.app on dietary adherence and its
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acceptability among adults with a high risk of CVD over 12
weeks.

Methods

Design
This mixed methods ancillary study was a 12-week
single-center, open label, randomized controlled ancillary study
within an ongoing 3-year multicenter randomized controlled
trial, the Combined Portfolio Diet and Exercise Study
(PortfolioEx; ClinicalTrials.gov NCT02481466). All participants
for the ancillary study were recruited from those randomized
to one of the 2 Portfolio Diet arms at the St. Michael’s Hospital,
Toronto, Canada, site of the main trial. Recruited participants
were randomized to receive the PortfolioDiet.app for 12 weeks
or to the control group.

We used a mixed methods approach where we collected and
analyzed both quantitative and qualitative data to ensure a
thorough and comprehensive assessment of the intervention
[27]. Multimedia Appendix 1 shows the CONSORT
(Consolidated Standards of Reporting Trials) checklist and
Multimedia Appendix 2 shows the CONSORT‐EHEALTH
(Consolidated Standards of Reporting Trials of Electronic and
Mobile Health Applications and Online Telehealth) checklist
(version 1.6.1) [28]. Our intention was to gather complementary
data from quantitative and qualitative methods and then integrate
findings within a data triangulation design [29], enabling us to
draw metainferences regarding the acceptability and usability
of the PortfolioDiet.app. These insights will not only inform
potential refinements to the app itself but also guide the design
of a future trial.

Ethical Considerations
The ancillary study was conducted according to the guidelines
of the Declaration of Helsinki and approved as an ancillary
study to the main PortfolioEx trial by the research ethics board
(REB) of St. Michael’s Hospital, Unity Health Toronto (REB
14-316). All participants provided written informed consent to
the main trial and separately provided verbal over-the-phone
informed consent to the ancillary study. No compensation was
provided to the participants. Participant data were stored at St.
Michael’s Hospital and kept confidential by ensuring identifying
data were kept separate from study data using a study ID. All
study data were deidentified, and the master linking log was
kept in a password-protected file on a secure drive at St.
Michael’s Hospital, only accessible to study staff.

Study Participants
Participants in the PortfolioEx trial were men and

postmenopausal women with a BMI ≤40 kg/m2 who were
considered at high risk for CVD. Participants had carotid artery
plaque buildup (an intima-media thickness of ≥1.2 mm) in
addition to at least one other of the following characteristics:
type 2 diabetes, history of myocardial infarction or angioplasty,
hypercholesterolemia and treated with statins or prescribed
statins but due to statin intolerance or choice are not taking

statins, or raised blood pressure (>140/90 mm Hg). To be
eligible for the ancillary study, participants needed to have
access to a web portal through a personal smartphone, tablet,
or home computer and needed to have an active email address.

Randomization
Eligible participants were randomized in a 1:1 ratio to either
the PortfolioDiet.app group or a control group using a
computer-generated allocation sequence. Randomization was
done using block sizes of 4 with stratification by sex (ie, male
and female), age (ie, <65 and ≥65 years), and their allocated
exercise group (ie, yes and no) in the 3-year PortfolioEx trial.
MK was responsible for contacting and enrolling participants,
providing them with information on the study, and sending them
app details and questionnaires. The randomization table was
developed from Sealed Envelope [30]. SA-C, who had no
contact with participants, was the only one to have access to
the randomization table and was responsible for assigning
participants to the interventions.

Theoretical and Operational Design Components of
the PortfolioDiet.app
The app was developed with integration of the psychological
theory including the social cognitive theory and self-regulatory
principles of behavior change by providing multiple forms of
behavioral feedback on dietary adherence, including tip sheets
for promoting dietary change. Designed with a variety of
elements to enhance and sustain behavior change, Figure 1
shows the PortfolioDiet.app’s home page with key features
highlighted. These include features previously identified as
elements preferred by health app users, including a personalized
dashboard, goal setting, educational features, and email
messages.

Within the “Learn” section, the app houses educational resources
including a bank of recipes, tip sheets, and videos (Figure 1).
The PortfolioDiet.app offers users an array of recipes that span
from family friendly dinner recipes to quick snacks while also
including culturally adapted recipes (eg, African, Mediterranean,
and South Asian) and filters for dietary restrictions (eg, gluten
free, low carbohydrates, and low sodium).

Many of the features would fall under the definition of
gamification, which evidence from a systematic review and
meta-analysis has found to support behavior change, increasing
measures of physical activity and decreasing measures of
adiposity [31]. These features include star rewards for engaging
with the app, allowing users to track and visualize their average
adherence and progress, provides daily goals, and a social
competitive aspect through a leaderboard on diet adherence
(Figure 1). Star rewards allow users to earn and collect stars,
incentivizing users to interact with the app. Users can collect
stars by logging into the app and correctly answering the
question of the week. The leaderboard feature provides users
with an overview of the number of app members and their
average daily score over 30 days, allowing users to compare
their average daily score with other users.
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Figure 1. PortfolioDiet.app dashboard with key features highlighted, top to bottom: (A) learn tab that has recipes, tipsheets, and videos; (B) daily
average Portfolio Diet Score per month; (C) star rewards, a form of reward for logging into the app and for completing the question of the week; (D)
current day total Portfolio Diet Score; (E) specific daily messages related to goals; (F) personal favorite meals for easy tracking; (G) subcategory Portfolio
Diet Scores with daily targets of 5 points; (H) progress-tracking graph displaying the monthly progress of the score; and (I) leaderboard with other app
users' 30-day average.

The app uses a dietary score to guide users on the amount of
key foods to eat and to provide personalized feedback. The
clinical Portfolio Diet Score (c-PDS) has previously been
validated in a similar population of adults with hyperlipidemia
[32]. By following the Portfolio Diet, users can earn up to 5
points from each category of Portfolio Diet foods for a
maximum c-PDS of 25 points per day in the app. It has
previously been shown that an increase in c-PDS by 12 points
predicts about a 0.53 mmol/L (13%) reduction in LDL-C in
patients with hyperlipidemia over 6 months [32].

When using the PortfolioDiet.app, users can input Portfolio
Diet foods and portion sizes. Each food item is shown as 1
portion size, in grams or as cup measurements, with targets
based on 1 of 3 caloric levels. The user picks the portion size
that is most similar to their intake and then the item will appear
on their dashboard. The app allows for self-monitoring and
provides feedback through an average daily score on the home
page and the current day’s score and, below, a graph displaying
the monthly progress for dietary adherence (Figure 1).

Intervention
Participants randomized to receive the PortfolioDiet.app were
sent an instructional guide and videos by email, with instructions
on how to create an account and use the app features. The
PortfolioDiet.app is fully automated and was provided as a
web-based version that could be used on laptops, tablets,
smartphones, or public computers such as those in libraries.
The dietary advice on the Portfolio Diet conveyed through the
app included recommendations on the 5 core
cholesterol-lowering foods and their recommended amounts

per day for a 2000 kcal diet: 45 g nuts and seeds (eg, tree nuts,
peanuts, or seeds); 50 g of plant protein (eg, from soy and
dietary pulses); 20 g viscous soluble fiber (eg, from sources
such as oats, barley, psyllium, eggplant, okra, apples, oranges,
or berries); 2 g plant sterols (eg, from supplements and fortified
foods); and 45 g monounsaturated fatty acids (eg, from
cold-pressed olive, canola, soybean, “high-oleic” sunflower and
safflower oils, or avocados).

Development of the app was frozen during the trial. Participants
randomized to the PortfolioDiet.app group were asked to use
the app every day (ie, including both weekdays and weekends)
over the 12-week intervention in the ancillary study. If a day
was missed, participants were encouraged in the app to
retroactively enter their Portfolio Diet foods. If participants did
not make an account during the first week, they were sent an
email reminder every week. Participants were not blinded to
their allocation and neither were the study staff. Participants
randomized to the control group were informed of their
randomization allocation but received no further contact from
the PortfolioDiet.app staff until after the study, at which point
they were offered access to the app. The 12-week intervention
length was chosen to allow for a controlled assessment of the
health app on dietary adherence (the main objective), without
unfairly restricting access to the app for those participants
randomized to not receive the app within an active trial.

As REB approval for this ancillary study was received during
the COVID-19 publicly declared emergency (ie, the pandemic).
Staff were not permitted to access Unity Health sites or to have
in-person contact with participants or staff. Therefore, all study
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interactions with participants for the study took place over the
phone or by email. The interactions in the ancillary study did
not provide any dietary counseling support and only provided
minimal-contact administrative support to those randomized to
the PortfolioDiet.app group, including encouraging the use of
materials provided to help with account creation and using the
app features.

Outcomes
The primary outcome was a change in dietary adherence to the
Portfolio Diet over 12 weeks in those randomized to the
PortfolioDiet.app group compared to those in the control group.
Adherence to the Portfolio Diet was assessed from weighed
7-day diet records (7DDRs) collected at baseline and at 12
weeks through predesigned paper-based templates. Participants
were trained and supported by registered dietitians to complete
the records, and paper copies were mailed to participants with
telephone discussions scheduled every 3 months. The c-PDS
was calculated from the 7DDRs and ranges from 0 to 25 points,
with a score of 0 indicating no adherence to the Portfolio Diet
and a score of 25 indicating full adherence to the diet.

Acceptability of the PortfolioDiet.app was assessed in
participants who were randomized to the PortfolioDiet.app
group. App use was evaluated through the app’s web-based
repository based on participants’ log-ins over the 12 weeks.
Usability was assessed using the System Usability Scale (SUS).
The SUS is a validated usability questionnaire that has been
used in clinical settings to assess the usability of various systems
and tools [33,34]. The SUS includes 10 statements rated on a
5-point Likert scale (from 1=strongly disagree to 5=strongly
agree). The score ranges from 0 to 100 with a score higher than
70 being considered acceptable [35]. We also collected the
c-PDS data from the app, which were based on participants’
logged entries into the app. The c-PDS was saved in the app’s
web-based repository and, unlike the primary outcome of dietary
adherence, was not calculated from the 7DDR.

Multimedia Appendix 3 shows the structured questionnaire used
with open-ended questions. The questionnaire collected
participant feedback on acceptability, knowledge acquisition,
and app features. It was developed by MEK, LC, and SMG
using existing tools [36] and included the SUS questionnaire
[33]. The questionnaire was emailed to participants after 12
weeks of using the PortfolioDiet.app. Participants were
instructed to complete the questionnaire by typing out their
responses and to return it by email.

Analytic Techniques
As part of the primary 3-year PortfolioEx trial, eligibility by
intima-media thickness was measured by B-mode Carotid
Ultrasound at 12 carotid artery segments (1-cm long) of the near
and far walls of the internal, bifurcation, and common left and
right carotid arteries. Baseline serum lipids were measured on
fasting serum and analyzed in the routine hospital laboratory
using Beckman SYNCHRON LX Systems. The LDL-C level
was calculated using the Friedewald equation [37].
Anthropometric data were collected when participants were
fasting by trained study staff, and information on medications

and the diagnosis of type 2 diabetes was collected through
self-report questionnaires.

Analyses
Baseline characteristics were assessed by 2-sample t tests for
continuous variables and Fisher exact test for categorical
variables. Dietary adherence to the Portfolio Diet from weighed
7DDRs measured by the c-PDS (week 0 to week 12) was
expressed as mean differences with SDs. Within-group and
between-group differences were assessed using a 2-sample t
test. On the basis of a prior multi-center randomized controlled
trial, a total of 56 participants were required to detect a ≥3.28
point difference in c-PDS with 80% power (1-β),  =.05, and SD
4.30 [38]. Statistical analysis was performed using Stata (version
7; StataCorp). The planned sample size of 56 participants, with
approximately 23 receiving the app, was deemed sufficient to
reach data saturation, particularly given our homogeneous study
population, and aligned with the study by Hennink and Kaiser
[39], who suggest that smaller sample sizes can be adequate for
achieving saturation in qualitative research with homogeneous
groups.

For the qualitative analysis, open-ended survey data were
extracted from the structured questionnaire and initially analyzed
independently using NVivo (version 12.7.0; QSR International)
by members of the research team (MEK, LC, SMQ, and GV).
The team used reflexive thematic analysis, as described in the
study by Braun and Clarke [40], to identify patterns and concepts
within the data [40]. A coding framework was collaboratively
established, and each member of the research team conducted
an individual review of both the data and the coding framework
to confirm the accuracy of the interpretations during initial
analysis, and to identify any elements or insights that might not
have been initially captured during the group analysis. Regular
team meetings were held weekly over a 1-month period to
discuss coding findings, address discrepancies, and reach
consensus on the identified codes. Identified codes were further
structured into main themes and subthemes, and a table was
produced to arrange quotations derived from the survey
responses to substantiate the themes and subthemes identified.

The analysis process was performed with consideration of the
trustworthiness criteria [40]. To ensure credibility, dependability,
confirmability, and transferability in the qualitative analysis,
multiple researchers were involved in the coding process to
reach consensus on identified themes, a detailed description of
coding decisions and theme development was maintained, and
potential biases were acknowledged with regular discussions
to minimize influence. In addition, a detailed description of the
study, participants, and findings was provided to enable readers
to assess the applicability of the results to other settings.

After both analyses were conducted, the qualitative findings
were compared with the quantitative results using a data
triangulation approach.

Results

Consolidated Standards of Reporting Trials
Figure 2 shows the CONSORT diagram of participants in the
ancillary study. While a total of 66 participants were randomized
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to the PortfolioDiet.app group arm in the PortfolioEx trial, 14
dropped out before the ancillary study began. Once REB
approval was received, 6 participants had completed the trial
or were scheduled to complete the trial within 3 months.
Therefore, of the remaining 46 participants, 41 were eligible (3
did not have a personal email and 2 requested no contact during
the COVID-19 pandemic). Potential participants were invited
by email to participate in the ancillary study. Between July 2021

and February 2022, of the 15 participants who completed a
telephone screen, 14 had baseline dietary data and were
randomized (intervention group: n=8; control group: n=6) and
completed the study. The average duration that the 14
participants had been enrolled in the PortfolioEx trial and were
receiving the Portfolio Diet intervention at the Toronto site was
24.6 (SD 4.1; range 18-33) months.

Figure 2. CONSORT (Consolidated Standards of Reporting Trials) flow diagram showing participant flow through the ancillary study. PortfolioEx
trial: the Combined Portfolio Diet and Exercise Study; 7DDR: 7-day diet record.

Baseline Characteristics
Table 1 shows the baseline characteristics of the 14 randomized
participants. Participants were primarily female (n=9, 64%),
identified mostly as White (n=7, 50%) followed by South Asian
(n=3, 21%), Filipino (n=2, 14%), and Black (n=2, 14%). Their
mean age was 65 (SD 4, range 52-79) years; 71% (10/14) were

on lipid-lowering medication and 29% (4/14) had type 2
diabetes. Adherence to the Portfolio Diet was high in both
groups at baseline with a c-PDS of 53% (13.2/25) in the app
group and 55% (13.7/25) in the control group. A total of 2
participants (1 in the app group and 1 in the control group) did
not provide their final 12-week 7DDR. Therefore, they were
excluded from the primary analysis.
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Table 1. Baseline characteristics of participants.

P valueControl group (n=6)App group (n=8)Total (N=14)

.9666 (9)65 (9)65.4 (9)Age (y), mean (SD)

.30Sex, n (%)

5 (83)4 (50)9 (64)Female

1 (17)4 (50)5 (36)Male

.99Race or ethnicity, n (%)

1 (17)1 (12.5)2 (14)Black

1 (17)1 (12.5)2 (14)Filipino

1 (17)2 (25)3 (21)South Asian

3 (50)4 (50)7 (50)White

.1878.7 (14.8)68.9 (11.3)73.1 (13.3)Body weight (kg), mean (SD)

.0730.3 (5.1)26.2 (4.5)28.0 (4.3)BMI (kg/m2), mean (SD)

.09102.7 (10.3)92.1 (10.7)96.6 (11.5)Waist circumference (cm), mean (SD)

BPa (mm Hg), mean (SD)

.80116.1 (23.4)113.8 (11.7)114.8 (16.9)Systolic BP

.1570 (14.5)61 (7.3)64.9 (11.4)Diastolic BP

.992 (33)2 (25)4 (29)Type 2 diabetes, n (%)

Lipids (mmol/L), mean (SD)

.755.0 (1.4)4.6 (1.9)4.8 (1.7)Total cholesterol

.792.9 (1.1)2.7 (1.9)2.8 (1.5)LDL-Cb,c

.701.4 (0.4)1.5 (0.3)1.4 (0.4)HDL-Cd

.833.5 (1.2)3.3 (2.0)3.4 (1.6)Non-HDL-C

.991.3 (0.4)1.3 (0.6)1.3 (0.5)Triglycerides

Medication use

.253 (50)7 (88)10 (71)Lipid-lowering medication, n (%)

.994 (67)5 (63)9 (64)Antihypertensive medication, n (%)

.1526.5 (2.3)23.3 (4.7)24.6 (4.1)Duration enrolled in the PortfolioEx trial (months), mean
(SD)

.8713.7 (5.8)13.2 (3.7)13.4 (4.4)c-PDSe (points; range 0 to 25), mean (SD)

aBP: blood pressure.
bLDL-C: low-density lipoprotein cholesterol.
cLDL-C level was calculated using the Friedewald equation [37].
dHDL-C: high-density lipoprotein cholesterol.
ec-PDS: clinical Portfolio Diet Score.

Dietary Adherence to the Portfolio Diet
Table 2 shows the dietary adherence to the Portfolio Diet for
the full score (c-PDS), which ranges from 0 to 25 points, and
the 5 individual components, which range from 0 to 5 points.
The primary outcome of dietary adherence to the Portfolio Diet
increased by 1.25 (SD 2.8; 1.25/25, 5%) points in the app group
(P=.28) and 0.19 (SD 4.4; 0.19/25, 1%) points in the control

group (P=.93), although neither increase was statistically
significant (P=.62) from baseline and there was no difference
between groups. On the basis of our sample size, the effect size
(1.06), and the pooled SD (3.69), the estimated power to detect
a statistically significant between-group difference was 7.8%
(1-β) with an  =.05, so due to the sample size, we were
underpowered to detect a significant difference in dietary
adherence between groups.
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Table 2. Dietary adherence to the Portfolio Diet from weighed 7-day diet records, measured using the clinical Portfolio Diet Score (week 0 to week

12)a.

Control group (n=5)App group (n=7)

P valuedP valuecΔ, mean
(SD)

Week, mean (SD)P valuecΔb, mean
(SD)

Week, mean (SD)

120120

.82.92–0.1 (2.3)2.7 (1.6)2.8 (1.2).820.2 (1.8)3.6 (1.6)3.4 (1.2)Nuts and seeds, points

.91.48–0.3 (0.7)2.9 (2.3)3.2 (1.7).54–0.2 (0.8)2.6 (1.3)2.8 (1.1)Plant protein, points

.94.32–0.4 (0.9)2.2 (1.2)2.6 (1.7).21–0.5 (0.9)2.8 (1.8)3.3 (1.5)Viscous fiber, points

.46.410.7 (1.8)4.3 (0.5)3.5 (1.7).081.6 (1.9)3.6 (1.8)2.0 (1.8)Plant sterols, points

.91.480.3 (0.8)1.9 (1.6)1.6 (1.8).560.2 (0.9)1.8 (1.2)1.6 (1.1)High MUFAe oils and
foods, points

.62.930.2 (4.4)13.9 (5.2)13.7 (5.8).281.3 (2.8)14.5 (5.1)13.2 (3.7)Total c-PDSf, points

aThe individual components are shown in points (range 0 to 5), which make up the total c-PDS (range 0 to 25).
bΔ represents change.
cP value for within group.
dP value for across groups.
eMUFA: monounsaturated fatty acid.
fcPDS: clinical Portfolio Diet Score.

Acceptability
Multimedia Appendix 4 shows the average PortfolioDiet.app
use by intervention month. Participants logged into the app an
average of 18 (SD 14) days per month over the 12-week
intervention period with the number of log-ins trending down
over the duration of the intervention but these results were not
statistically significant (Table S1 in Multimedia Appendix 5).
The average SUS score was 80.9 (SD 17.3), which surpasses
the usability quality benchmark threshold of 70, indicating a
high level of usability [35]. Table S2 in Multimedia Appendix
5 shows the scores for individual SUS items. The individual
responses to the SUS items (range 1-5) show that most
participants felt confident using the app (mean 4.0, SD 1.31),
they thought the app was easy to use (mean 4.25, SD 1.16), and
they felt that the various functions in the PortfolioDiet.app were
well linked together (mean 4.5, SD 0.76). Table S3 in
Multimedia Appendix 5 summarizes the quantitative responses
to the questionnaire. More than half of the participants (5/8,
63%) agreed that using the app increased their knowledge about
the Portfolio Diet. Tip sheets and email reminders were ranked

as the top app features for helping participants learn about the
diet and support their interest or engagement in using the app,
respectively.

Participant Insights From Open-Ended Questions

Overview
Figure 3 presents the results of the qualitative data assessments
of open-ended questions. The open-ended questions expanded
upon the SUS, providing contextual insights into participants’
responses. A total of 4 main themes were identified: user
engagement, app features, external factors, and added
components. Each theme was further categorized into
subthemes. Table S4 in Multimedia Appendix 5 presents
individual participant quotations categorized under these themes
related to their experience using the PortfolioDiet.app. Notably,
1 participant’s insights were excluded from the table as their
questionnaire responses were retrieved through a telephone
conversation, wherein a member of the research team
documented the responses. However, the insights provided by
this participant were considered during data analysis.
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Figure 3. Overview of main themes and subthemes identified from open-ended question responses. The number of participants with statements in each
main theme is indicated by “(n=)”.

Theme 1: User Engagement

Overview

The theme user engagement describes participants’ experiences
using the PortfolioDiet.app and sheds light on how they actively
used, responded to, and integrated the app into their lives. Within
this overarching theme, we found that participants described
their engagement in various ways that could be divided into
two subthemes: (1) knowledge, relating to participants’
knowledge acquisition on the Portfolio Diet, which was further
subdivided into waning use, progress, and understanding, and
(2) usability, relating to the usability of the PortfolioDiet.app,
which was further subdivided into usefulness and ease of use.

Knowledge

Waning Use

It relates to how participants’ engagement with the app
transformed over time, revealing a pattern of gradual decline.
Some participants mentioned that as they became more
acquainted with the Portfolio Diet principles, their initial
enthusiasm diminished. This sentiment of diminished
engagement appeared to be rooted in the perception that the
app’s educational value was more pronounced during the early
stages of app use:

I think the app is for new users. After you get up to
speed and figure out how to do the [Portfolio Diet]
and how [to] split your portions throughout the day,
I can’t see using the app daily for me. [Participant 6]

Progress

Most participants acknowledged the app’s role in helping them
learn about their progress on the Portfolio Diet. Some
participants referenced the leaderboard feature as being
insightful in tracking their progress and understanding where
their Portfolio Diet Score (PDS) stands. One participant
expressed that the tracking or progress monitoring feature of
the PortfolioDiet.app provided them with a sense of being
actively engaged in their progress:

I enjoy tracking as it keeps me on target for food
intake. [Participant 3]

Another participant mentioned that the leaderboard encouraged
them to “cheat more rather than eat more [Portfolio Diet] foods.”
However, other participants appreciated the app’s tracking and
progress monitoring features as they contributed to a sense of
accountability and competition, motivating participants to align
their dietary choices with the Portfolio Diet principles.

Understanding

Participants commented on how the app enriched their
comprehension of the Portfolio Diet. Some participants
articulated how the app’s clear instructions and visual aids
enhanced their understanding of the diet. One participant
emphasized the ingenuity of the app’s concept and its thoughtful
design:

I think the concept is very clever and built in a
meaningful way.... I have a much better understanding
of the diet and how I am supposed to follow it.
[Participant 5]

Usability

Ease of Use

When exploring the app’s usability, participants elaborated on
their impressions of the app’s user friendliness. Participants
largely found the app intuitive and easy to use. One participant
noted that they had been following the Portfolio Diet for 3 years
before incorporating the app into their routine. They found that
using the app for tracking purposes was more convenient and
practical compared to using a traditional paper checklist:

I was already on the third year of the Portfolio Diet
when I started using the app. For me, it was easier
[and] more handy to track using the app than using
a checklist on paper. [Participant 4]

Others mentioned a learning curve associated with using the
app, noting the transition from requiring assistance to gaining
confidence in using the app:
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I was somewhat worried about the complexity of the
app but got over it after the first couple of days of
trying it out. [Participant 5]

Other participants echoed a similar sentiment in their feedback
regarding uncertainties about specific aspects of the
PortfolioDiet.app. For instance, 1 participant provided positive
feedback about the weekly questions for points, but voiced
confusion over the meaning of star points and their implications:

The weekly questions for points were an interesting
addition that I liked. I could not figure out what the
star points meant when I logged out. I couldn’t find
an explanation if you miss a certain number of days
or a certain threshold of daily points that you would
slide backwards in the 30 day points graph.
[Participant 6]

Over a telephone interview, a participant also highlighted their
concern with some technical features of the app, mentioning
that the responsiveness of the bars within the app was slower
than desired and reporting occasional log-in issues.

Usefulness

The usefulness of the PortfolioDiet.app was described by
participants when evaluating the app’s usability in their daily
routines. A participant shared that the app offered them a unique
perspective by focusing on helpful ways to enhance their PDS.
By incorporating advice from the PortfolioDiet.app into their
routine, they were able to make actionable behavior changes.
As described by this participant, adding the liquid plant sterol
supplement to their breakfast routine was an easy and impactful
way to increase their PDS by 5 points:

[The app] helped me look at how to increase my daily
[Portfolio Diet] score. For example, after I started
using the app, I got into a regular use of the [plant]
sterol supplement with my oatmeal every morning.
My use of these supplements was more sporadic but
using the app made me appreciate the high value of
the supplement. [Participant 5]

Alternatively, other participants mentioned they felt that the
PortfolioDiet.app did not provide any additional incentives
beyond their regular one-on-one meetings with trained dietitians,
as part of the ongoing PortfolioEx trial:

There was nothing more in the app than what we were
taught to do. [Participant 2]

Theme 2: App Features
After reviewing the feedback provided by participants, it became
evident that several features of the PortfolioDiet.app were
prominently mentioned. Specifically, participants emphasized
the recipes, portions, point distribution (PDS), and food options.

Recipes

Notably, regarding recipes, one participant found them enjoyable
to try, while another appreciated the app's inclusion of recipes
but did not find that they aligned with their eating style. One
participant described the recipes as a “nice addition” but
mentioned that they did not try any of them:

The recipes were a nice addition however, I am a
simple eater and didn’t try any of the recipes. It is
difficult to assess how one of my recipes or a vegan
recipe book could be converted so I just assume if it
has lots of oat bran or soy within, then it fits with the
Portfolio diet. [Participant 6]

Conversely, a different participant provided constructive
feedback, suggesting that a review of the recipes might be
beneficial, as they noted instances where certain ingredients or
complete instructions were missing.

Portions

The participant feedback encompassed a range of viewpoints
regarding the portion sizes recommended by the
PortfolioDiet.app. While 1 participant described the portion
sizes as “helpful,” others voiced concerns that they appeared
“enormous,” “confusing,” and seemingly tailored for a “higher
calorie diet”:

Initially, the app portion sizes were confusing ....
Some portions on the app (i.e., barley) appeared
enormous and put me off. [Participant 6]

Two participants drew comparisons between the traditional
paper checklist from the PortfolioEx trial they used to track
their adherence to the Portfolio Diet and the app’s portion
feature, detailing the hurdles they encountered during the
learning process. In addition, they emphasized discrepancies
between the app’s portion feature and their accustomed
checklist. One of the participants described the following:

I did not like that it didn’t line up exactly with the
Daily checklist sheets which I used for about a year
or more and got used to the portions and amounts on
these sheets. It didn’t line up. I also didn’t like at first
that I couldn’t change it to my caloric intake.
[Participant 7]

Point Distribution (PDS)

Participants commented on how the point distribution
component of the PortfolioDiet.app enabled them to monitor
their scores, identify if they were high or low, and explore
opportunities to improve their scores through changing aspects
of their diet in accordance with the Portfolio Diet principles.
One participant described the following:

The app was most helpful in delineating the different
categories and how to improve your score if you were
low in one of the five categories. [Participant 5]

Alternatively, the same participant described how the
organization of the point distribution components “frustrated”
them as they did not align with the portion sizes they usually
ate, evident in the following statement:

However, I found myself to be a little frustrated in
some of the way the points are distributed. Using the
viscous fibre category as an example that [highlights]
the frustration I manage to eat at least an orange or
an apple a day but not 2. Also, I eat a fair bit of ...
eggplant but never 4 cups worth in one sitting.
[Participant 5]
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Furthermore, another participant shared their experience of
confusion while calculating points, expressing uncertainty about
the value of food servings in terms of points:

At times, it is confusing calculating points. An
example is the Oils. For 1 tsp of oil is the point “1”
or “2” points? [Participant 3]

Food Options

The feedback received consisted mainly of participant approval
of the selection of foods included in the PortfolioDiet.app.
However, 1 participant articulated desiring a broader range of
food choices in the PortfolioDiet.app:

I hope one day the app can be used to track more
foods to the categories. [Participant 5]

In addition, another participant expressed contentment with the
app’s food options, attributed to the convenience of locating
these items at the grocery store.

Theme 3: External Factors
On the basis of the analysis of the participant’s feedback from
the intervention arm, external factors were identified as one of
the main themes. External factors explored influences mentioned
by participants that either positively or negatively impacted
their ability to follow the Portfolio Diet but were not related to
the app.

External Challenges

Participants mentioned some barriers in following the Portfolio
Diet that were not directly related to the app or the COVID-19
pandemic. One participant expressed that the act of traveling
posed challenges in adhering to the Portfolio Diet
recommendations. While not elaborated upon, this sentiment
highlights the real-world implications of dietary interventions,
where external factors such as travel can impact the ability to
follow dietary interventions:

Travelling makes it more difficult to follow [the
Portfolio Diet]. [Participant 2]

A different participant expressed experiencing fatigue from
adhering to the intervention. The participant’s remark indicates
that maintaining adherence to the Portfolio Diet can become
challenging over time. This insight underscores the potential
external factors, such as lack of novelty, that can influence an
individual’s engagement with this dietary intervention:

It’s me getting tired of following a vegan diet.
[Participant 4]

Food Accessibility

Comments on the practicality of accessing recommended foods
for the Portfolio Diet were captured as an important area for
understanding how the Portfolio Diet can be applied to diverse
populations. A participant shared that they use soy foods and
shelf-stable soy milk from a particular store, likely due to the
convenience it offered. They also mentioned finding an
alternative plant sterol powder at a specific store, which they
incorporated into their diet. This account provides valuable
insight into the participant’s resourcefulness in adapting their

dietary habits to the Portfolio Diet, especially when faced with
challenges like limited availability of certain products:

I find soy foods in the freezer aisle of Loblaws and
use the shelf life Soy milk so I don’t have to go to the
store so often during Covid... I found a [plant] sterol
powder at Healthy Planet that substitutes for the
[plant] sterol margarine that’s no longer produced
and it’s good in shakes or in my all-bran buds cereal
.... [Participant 6]

While the only comment made in this study about food
accessibility was positive, we emphasize future work on the
Portfolio Diet to capture future participants’ feedback on this
subtheme.

COVID-19 Pandemic Impact

As this study was run during the COVID-19 pandemic, a specific
open-ended question related to its impact on the participants
was included within the questionnaire. Understanding how
participants from various situations experienced the COVID-19
pandemic and how it impacted their adherence to the Portfolio
Diet may influence interpretation of the results of the study.
Participants mentioned issues related to a lack of in-person
meetings with the study dietitians and gym closures, while others
articulated how they had been self-sufficient and were able to
find study foods independently outside of the clinic.
Interestingly, as the study was at the “tail end” of the lockdown,
the impact of business reopening was noted by 1 participant:

Yes, with lock down, I was able to follow the diet very
well, but since opening up, I have been more inclined
to eat out and also crave foods that I haven’t had in
a long time at my favorite restaurants.... Definitely
have felt some slow down in my incentive to keep
strictly to the diet since the reopening. Also we are
travelling a bit and I am excited to try the foods of
the region we are travelling in so I also strayed from
the Portfolio regime as a result. [Participant 7]

Theme 4: Added App Components
Participants articulated suggestions for app improvements and
several requests, including the ability to record half portions,
more food suggestions, visual meal plans, and more information
related to diabetes. A participant pointed out the app’s lack of
capability for personalized adjustments to their dietary plan,
which the dietitians had been able to offer them individually.
This feedback underscores the value of personalized guidance
and highlights a potential area for improvement in the app’s
functionality to better accommodate individualized dietary
adjustments:

The app doesn’t allow for personal [tweaking] to the
portfolio as the dietitians have been able to do for me
personally. [Participant 7]

Some recommendations for features were already embedded
within the app. As an example, 1 user suggested including the
option to record half portions of food, a feature already available
on the PortfolioDiet.app. This feedback indicates that the
participant was not aware of this feature, suggesting it was not
intuitive. Overall, we found that there were no overlapping
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suggestions from participants, demonstrating the importance of
ensuring the app can be personalized to any user based on their
needs and preferences.

Discussion

Principal Findings
We conducted a 12-week randomized controlled ancillary mixed
methods study to assess the effect of the PortfolioDiet.app on
dietary adherence and its acceptability among high-risk adults.
Although adherence was higher for the PortfolioDiet.app group
after 12 weeks (ie, increased by 1.25/25, 5% and 0.19/25, 1%
in the app group and control group, respectively), no difference
between the groups was observed in this small ancillary study.

The PortfolioDiet.app was rated as usable, with the app
surpassing the usability quality benchmark threshold [35]. While
participants engaged often with the app over the 12 weeks, use
gradually declined. Beyond the usability, the app increased
self-reported knowledge of the Portfolio Diet. The demonstration
of increased knowledge in those who had already been learning
about the Portfolio Diet for an average of approximately 2 years
further supports the acceptability of the app in this high-risk
population. These results shed light on the potential of app-based
technology as a promising platform to translate the Portfolio
Diet to adults at high CVD risk.

The decline in use combined with the trending increase in
adherence to the Portfolio Diet from 7DDRs, aligns with the
intended purpose of the app as an educational tool aimed at
fostering users’ self-efficacy. As participants become more
knowledgeable and confident in applying the principles of the
Portfolio Diet, it is expected that their reliance on the app and
use of the tracking progress feature would gradually decrease.
However, based on participant feedback, modifications to the
app to make this expectation clear to the user may further
improve app acceptability. This messaging could include a note
on the role the app can play for users at various times in their
life, when they perhaps fall off the diet and need support to
return to following the Portfolio Diet.

The qualitative data assessments complemented the quantitative
findings. Analysis of open-ended questions identified 4 primary
themes that encapsulated participants interactions with the
PortfolioDiet.app. Among the themes, “user engagement”
underscores the dynamic interactions participants had with the
app, their knowledge gained, and the integration of its features
into their routine. This was also evident in the quantitative
findings which revealed that most participants felt that various
functions of the PortfolioDiet.app were well linked together.
The app’s usefulness for self-monitoring of dietary adherence
was noted as important and helpful by some participants. The
educational aspect of the app was a recurrent point of mention
among participants, with several of them noting how it enhanced
or aided their current understanding of the Portfolio Diet. This
observation aligns with the quantitative finding where more
than half of the participants said that the app increased their
knowledge of the Portfolio Diet. On the other hand, comments
suggesting that the app provided no new information beyond
what was provided in their regular one-on-one meetings with

trained dietitians may provide an indication of why others may
have responded “No” to this question about increasing
knowledge on the Portfolio Diet. As all participants had already
been participating in the PortfolioEx trial learning about the
Portfolio Diet, this finding suggests the app is reinforcing
counseling from dietitians.

The second theme, “app features,” highlighted features
participants found helpful or frustrating. These findings align
with the current understanding as self-tracking and gamification
features have been found as successful tools in health apps for
behavior change [41]. However, some features of the app, such
as the portions, could be better explained by using pop-up
windows with additional instructions or through other
modifications to the app.

The theme “external factors” delved into influences beyond the
app’s control on dietary adherence. Notably, the impact of the
COVID-19 pandemic was explored, revealing its implications
on participants’ adherence patterns as pandemic restrictions
shifted.

The fourth theme “additional app components” covered
participants’ feedback to include additional features to the app.
Participants expressed a desire for additional food options and
visual meal plans, as well as more diabetes-related information.
Other desirable app modifications can be distilled from
comments relating to the dislike of certain features (eg,
leaderboard), challenges in logging foods, and adding half
portion sizes. These comments imply possible modifications to
the app that could improve its usability and acceptability, such
as features of the app that need to be more intuitive and the
ability for users to customize their own targets and dashboard.

Identifying that tip sheets and videos supported learning and
engagement in the app can be leveraged in addressing some of
the challenges identified by participants. Tip sheets could be
developed to include tips while traveling or on the go, for meal
plan ideas, and further support for those with diabetes.
Integrating an interactive frame within the app to showcase new
content, such as tip sheets, as well as videos to further support
engagement may be a useful modification based on the
participant feedback. Taken together, these findings suggest
that the PortfolioDiet.app has the potential to support
participants in adhering to the Portfolio Diet and is considered
acceptable by adults at high CVD risk.

Comparison With Prior Work
This study is the first to use the PortfolioDiet.app in high-risk
adults. While health apps have seen widespread adoption,
findings have been inconsistent when looking at their effects
on behavior change and health outcomes. Similar to our findings,
a systematic review and meta-analysis of 47 studies revealed
that web-based interventions targeting risk factors show promise
in reducing CVD risk, yet their effects were moderate and waned
over time [42]. Inconsistencies in effects may be related to
differences in the app features, the participant’s health status,
and whether the app intervention has been tailored to the
population.

Apps that target dietary behavior change have also shown
promise with suggestion that in those with chronic disease, use
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of health apps with nutrition components improved health
outcomes, with 64% of studies showing sustained behavior
change for 6 to 12 months [43]. These conclusions differ from
others who found health benefits were only observed in
short-term studies (less than 6 months), suggesting that
secondary prevention participants may be more motivated to
make sustained behavior change.

When looking at health apps focused on delivering a therapeutic
dietary pattern, a systematic review of 5 studies in participants
with hypertension or prehypertension, found that mobile apps
providing the Dietary Approaches to Stop Hypertension diet
were associated with higher adherence to this diet and lower
blood pressure when compared to controls [44]. However, the
authors could not pinpoint the most effective features of these
apps from a users’ perspective. Identifying specific features
may not be entirely possible as different population groups may
prefer different strategies [43], emphasizing the importance of
tailoring health apps to their intended population and allowing
for personalization within the app. Interestingly, qualitative
analysis of other health apps have identified similar themes with
“new features” being identified as 1 of the 3 themes in
adolescences with knee pain [45], mirroring our theme “Added
app components.” Without specific prompts, this shared interest
underscores a patient’s desire to shape tools meant to assist
them and the importance of involving them in the cocreation
process.

Several qualitative studies have identified barriers to nutrition
app use. König et al [46] found that app usability was important
for sustained uptake. The PortfolioDiet.app has been deemed
usable in both a convenience sample of users and in our current
representative sample of participants. When comparing our
usability score to others in the literature, a raw SUS score of 80
would be better than 75% of all apps tested; however, average
SUS scores varies based on the type of app being tested [47].
A systematic review of health apps found an average SUS score
of 76.6 (SD 15.12), but when excluding physical activity apps,
the average SUS dropped to 68.1 (SD 14.05) [48]. This finding
aligns with the general understanding that nutrition apps are
challenged with usability issues [46]. Specific to nutrition, an
analysis of the top 7 diet-tracking apps (from iOS iTunes and
Android Play web-based stores) found an average SUS of 70.9
(SD 12.72) with a range from 46.7 to 89.2, after 3 undergraduate
nutrition students used the apps over a 2-week period [49].

In addition, personalized and tailored educational material,
reminders, progress tracking, and goal setting have been found
to be highly valued features [50], all of which are present in the
PortfolioDiet.app. The usability and knowledge acquisition
demonstrated in this study also aligns with the results of a
previous quality assessment study of the PortfolioDiet.app in a
convenience sample of users [26].

Strengths and Limitations
The primary strength of this study is the assessment of the
PortfolioDiet.app within its intended target population of adults
at high risk of CVD, allowing for modifications to the app to
support its use in the intended users. The collection of both
quantitative and qualitative data is also a strength of this study
as it allowed for a comprehensive understanding of participants’

experiences with the PortfolioDiet.app. In addition, the synergy
between the SUS findings along with the insights derived from
qualitative analysis, where participants largely found the app
intuitive and easy to use, strengthens our confidence that the
app was considered usable by this study population. The
influence of the COVID-19 pandemic on participants’
experiences and engagement underscores the significance of
remote health care solutions in ensuring quality care delivery
despite challenging circumstances.

A major limitation was the restricted pool of participants,
exacerbated by delays in the REB review due to the COVID-19
pandemic, among other challenges experienced by the research
community [51]. These challenges led to a sample below the
estimated necessary sample size, with the estimated power to
detect a statistically significant between-group difference being
7.8% (1–β),  =.05, so we were underpowered to detect a
significant difference in dietary adherence between groups. The
limited sample size should also be considered when interpreting
the qualitative findings. While data saturation may be achievable
with relatively small samples (9-17 interviews) [39], our sample
falls below this range, so a cautious interpretation of the results
is necessary.

In addition, we did not measure health-related risk factors
directly. While much of the research in the realm of health apps
has shown improvements in behaviors, there remains a notable
gap in the literature concerning their impact on intermediate
risk factors and other health outcomes. Consequently, it is
imperative that future research endeavors incorporate
assessments of health outcomes, such as lipid profiles, to provide
a more comprehensive understanding of the impact of these
apps on health and disease outcomes.

In addition, in light of research findings suggesting that
marginalized populations may also experience digital exclusion
exacerbating existing health disparities, it is crucial to emphasize
the necessity of future research involving underserved groups
[52].

Finally, the use of the SUS is another limitation as it was not
originally tailored for evaluating health apps. However, the
100-point scale facilitates clear communication to nonexperts
in the field. Moreover, the concise nature of the SUS, featuring
10 questions, ensures swift participant completion and reduces
response burden, which is especially important when participants
are not visiting the study center and instead are completing the
questionnaires remotely. Possibly related to its high ease of use,
the SUS was used in 40 of the 96 studies in a scoping review
of health apps in older (>65 years) individuals [53]. Although
other questionnaires to assess the usability of mobile health
(mHealth) apps have recently been developed, the SUS remains
widely used and considered suitable for assessing digital health
apps [48,54]. However, to enhance specificity to mHealth apps,
future evaluations of the PortfolioDiet.app administering
questionnaires could include the user-oriented Mobile
Application Rating Scale or the recently validated mHealth App
Usability Questionnaire, which includes additional questions
to integrate feedback on app features [55,56].
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Implications and Future Directions
As CVD continues to be a leading cause of mortality in Canada
and globally [57], prioritizing lifestyle interventions for disease
prevention and management is pivotal. Among these
interventions, the Portfolio Diet is an effective therapy for
managing dyslipidemia and reducing the risk of CVD. As a tool
for disseminating this nutrition therapy, the PortfolioDiet.app
may serve to increase the adoption of the Portfolio Diet.

Notably, there is growing interest among older adults in using
mobile apps to support their learning efforts. In a survey
conducted among Canadian retired older adults (aged >55 years),
78.5% agreed or strongly agreed that mobile devices made their
learning easier [58], highlighting the potential of the
PortfolioDiet.app to engage and empower older individuals,
who are a critical demographic for cardiovascular health
management. This observation underscores the substantial
implications of the PortfolioDiet.app and the importance of
tailoring the app to ensure older adults can engage with the app.
From this study, we can discern both the app’s strengths and
limitations in its intended population of high-risk adults. These
insights will guide us in refining the PortfolioDiet.app, creating
a tool that better meets the needs of its target population.

Subsequent work will incorporate the feedback received through
modification to the design of the PortfolioDiet.app. While this
work was undertaken in older high-risk adults, further research
is needed in more diverse and underserved populations.

Conclusions
This small ancillary study suggests the PortfolioDiet.app is
considered acceptable, easy to use, and increases knowledge of
the Portfolio Diet in adults at high CVD risk. The present
findings highlight the potential of the PortfolioDiet.app as an
educational tool, reinforcing counseling from dietitians. In
general, participants appreciated the app’s self-monitoring
features as they contributed to a sense of accountability,
motivating participants to align their dietary choices with the
Portfolio Diet principles. Future refinements to ensure the app
is intuitive and its features are well explained and can be
personalized could enhance participant engagement and
adherence to the Portfolio Diet for improved cardiovascular
health. We await the results of a randomized controlled trial
investigating the effect of the PortfolioDiet.app on lipid targets
in a high-risk population, which may provide evidence of its
potential health benefits.
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Abstract

Background: Medical advances in managing patients with chronic heart disease (HD) permit the co-occurrence of other chronic
diseases due to increased longevity, causing them to become multimorbid. Previous research on the effect of co-occurring diseases
on mortality among patients with HD often considers disease counts or clusters at HD diagnosis, overlooking the dynamics of
patients’ disease portfolios over time, where new chronic diseases are diagnosed before death. Furthermore, these studies do not
consider interactions among diseases and between diseases, biological and socioeconomic variables, which are essential for
addressing health disparities among patients with HD. Therefore, a mapping of the effect of combinations of these co-occurring
diseases on mortality among patients with HD considering such interactions in a dynamic setting is warranted.

Objective: This study aimed to examine the effect of the co-occurring diseases of patients with HD on mortality, modeling their
dynamically expanding chronic disease portfolios while identifying interactions between the co-occurring diseases, socioeconomic
and biological variables.

Methods: This study used data from the national Danish registries and algorithmic diagnoses of 15 chronic diseases to obtain
a study population of all 766,596 adult patients with HD in Denmark from January 1, 1995, to December 31, 2015. The time
from HD diagnosis until death was modeled using an extended Cox model involving chronic diseases and their interactions as
time-varying covariates. We identified interactions between co-occurring diseases, socioeconomic and biological variables in a
data-driven manner using a hierarchical forward-backward selection procedure and stability selection. We mapped the impact
on mortality of (1) the most common disease portfolios, (2) the disease portfolios subject to the highest level of interaction, and
(3) the most severe disease portfolios. Estimates from interaction-based models were compared to an additive model.

Results: Cancer had the highest impact on mortality (hazard ratio=6.72 for male individuals and 7.59 for female individuals).
Excluding cancer revealed schizophrenia and dementia as those with the highest mortality impact (top 5 hazard ratios in the
11.72-13.37 range for male individuals and 13.86-16.65 for female individuals for combinations of 4 diseases). The additive
model underestimated the effects up to a factor of 1.4 compared to the interaction model. Stroke, osteoporosis, chronic obstructive
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pulmonary disease, dementia, and depression were identified as chronic diseases involved in the most complex interactions, which
were of the fifth order.

Conclusions: The findings of this study emphasize the importance of identifying and modeling disease interactions to gain a
comprehensive understanding of mortality risk in patients with HD. This study illustrated that complex interactions are widespread
among the co-occurring chronic diseases of patients with HD. Failing to account for these interactions can lead to an oversimplified
attribution of risk to individual diseases, which may, in cases of multiple co-occurring diseases, result in an underestimation of
mortality risk.

(JMIR Cardio 2025;9:e57749)   doi:10.2196/57749

KEYWORDS

survival analysis; interaction effects; chronic heart disease; multimorbidity; time-varying covariates

Introduction

Background
Driven by the advancements in diagnostic tools and medical
treatments, the mortality of patients with chronic heart disease
(HD) has decreased considerably [1]. However, with a prolonged
life span comes a risk of developing additional chronic diseases
and complications to their HD [2], causing them to become
multimorbid [3]. Multimorbidity is highly prevalent among
patients with HD [2,4,5], and the increasing disease burden may
modify time to death [6].

Recent research has identified the most prevalent comorbidities
in patients with HD and how they affect mortality and other
adverse health-related outcomes [5,7-9]. However, only a few
studies have considered the effect of several diseases in the
same person. Among these studies, there is a large variety in
which diagnoses are considered and which statistical methods
are applied. The studies that consider multimorbidity either
restrict their analyses to a subset of diagnosis combinations [7]
or group diagnoses into multimorbidity clusters at baseline
before analyzing the effects of the extracted clusters [5]. Despite
modeling disease interactions, these kinds of analyses fail to
capture the crucial dynamics in the HD disease trajectories,
where additional diseases are cumulatively diagnosed before
death [10], causing an augmented risk profile for the patient.
As the chronology of disease onset has been associated with a
change in mortality among common diagnoses [11], it is thus
essential to consider this dynamic development when analyzing
effects. Due to the high prevalence of multimorbidity among
patients with HD, the unique combination of chronic diseases
that a patient has at any given time—referred to as the disease
portfolio—is not static. Instead, it evolves over the observation
period as new chronic diseases develop. This dynamic expansion
reflects the progressive accumulation of chronic diseases in an
individual following their HD diagnosis until death. As only a
few studies consider these dynamics, there is a need for a
thorough, large-scale study of the impact of disease interactions
on mortality, modeling such a dynamic expansion of the
patients’disease portfolios. Such an investigation would enable
obtaining a deeper understanding of how the complexity of
disease progression in patients with HD affects mortality over
time.

The significance of understanding the effects of the emergence
of multimorbidity over an individual’s life span has previously

been highlighted [3,12,13]. However, rather than treating
multimorbidity as a singular risk factor, we took a more nuanced
approach by dissecting the effects of multimorbidity based on
the diseases appearing in the disease portfolio, recognizing that
each combination of chronic diseases can affect mortality
differently. Furthermore, as many chronic diseases have similar
biological and socioeconomic risk factors, knowledge of the
interplay between the impact of these is essential and can be
used for possible preventive interventions and the development
of guidelines for relevant coexisting diseases [14,15]. For
instance, consider a disease portfolio comprising HD and
osteoporosis. The impact on the mortality hazard rate may vary
between men and women. Expanding on this example, the effect
of socioeconomic position may differ depending on both sex
and the presence of osteoporosis in the portfolio. These
variations in effects represent interactions in modeling terms.
As such, identifying and emphasizing interactions between
chronic diseases and demographic factors can shed new light
on the impact of pathophysiological pathways on mortality.

Objectives
This large-scale study is based on data from the total adult
Danish population recorded in nationwide primary and
secondary health care registries, including medical diagnoses,
medications, educational attainment level, and health care use.
We used an extended Cox model with time-varying covariates
to model time until death for individuals diagnosed with HD
considering their dynamically expanding disease portfolios. In
our model, the hazard ratio (HR) of a disease portfolio is
constant. In contrast, the HR of an individual changes
dynamically when the individual obtains a new portfolio by
developing a new chronic disease (Figure 1).

We conducted a model and data-driven selection of interaction
effects. Subsequently, we studied the impact on time to death
according to the (1) most frequently occurring disease portfolios,
(2) most complex disease portfolios in terms of order of
interactions, and (3) disease portfolios with the highest hazards
relative to only HD.

We recognize the inherent complexity in interpreting interaction
effects, especially in the case of higher-order interactions
involving multiple factors. However, to emphasize the
importance of modeling interaction effects, we also present a
comparative analysis of effect estimates for disease portfolios,
contrasting our interaction model with a simpler model in which
interactions are excluded. The differences observed in these
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comparisons serve to underscore the crucial role of modeling
interactions in medical research.

Throughout this paper, we use a bracket notation to represent
the disease portfolio of a specific patient with HD. For example,
a patient with HD, diabetes, and hypertension is denoted by the
portfolio [diabetes, hypertension]. If the patient with HD also
has high cholesterol, their disease portfolio is [diabetes, high

cholesterol, hypertension]. As all individuals in the study
population had HD, we use the term disease portfolio without
mentioning the coexisting HD diagnosis in the notation. We
use the terms dyads, triads, tetrads, and pentads to describe
disease portfolios of size 2, 3, 4, and 5, respectively, with size
being the number of chronic diseases in the portfolio including
HD.

Figure 1. Example of how the statistical model works. (A) Illustration of an event sequence in which a hypothetical patient with heart disease (HD)
receives the diagnosis of HD at time 0 and, subsequently, the hypertension, stroke, and cancer diagnoses at different times (measured in years following
HD diagnosis) before death. (B) The corresponding longitudinal development of the hazard ratio of the patient relative to a theoretical patient who only
has HD and is not multimorbid.

Methods

Data Foundation
All children born in Denmark or any new residents are, by law,
required to obtain a unique personal identification number,
which is stored in the Danish Civil Registration System [16].
The personal identification number can link information from
any additional Danish register at an individual level subject to
General Data Protection Regulation restrictions [17].
Information about chronic disease diagnoses was based on
diagnostic algorithms initially developed by the Research Center
for Prevention and Health at Glostrup University Hospital [18].
These algorithms cover 15 diagnoses based on their clinical
relevance that have been previously used in national reports of
chronic disease diagnoses in Denmark [19,20]. Moreover,
previous work with these diagnoses has shown prevalence
results comparable to those of other European studies [21]. The
algorithmic diagnoses are based on data recorded in 4 registries:
the Danish National Patient Register [22], the Danish Psychiatric
Central Research Register [23], the Danish National Prescription
Registry [24], and the Danish National Health Service Register
[25]. Therefore, a particular diagnosis can be given at a
particular time (with temporal granularity of days) based on
criteria for hospitalization diagnoses, medication, or repeated
use of specific health services. As such, a single diagnosis
corresponds to 1 disease and represents multiple Anatomical

Therapeutic Chemical or ICD-10 (International Statistical
Classification of Diseases, 10th Revision) codes with similar
treatments and organization of health care. Thus, the diagnosis
time stamps considered in this study are diagnostic time stamps
and should not be regarded as time stamps for disease onset. In
addition to the registries used for diagnostic time stamps, we
used the Danish Population Education Register [26] and the
Danish Register of Causes of Death [27] for information on
educational attainment and death.

Study Design and Population
Using our data foundation from the Danish registries, we
obtained a study population of individuals diagnosed with HD
covering the entire Danish adult population (aged ≥18 years)
at some point during the observation period from January 1,
1995, to December 31, 2015, which had been previously
analyzed [28]. These people were followed up on, and data
associated with visits to outpatient clinics, hospital stays,
primary sector health services, and prescriptions were collected
for each person throughout the observation period. To define
the study population, we applied algorithmic diagnoses (detailed
in Multimedia Appendix 1) to identify individuals diagnosed
with HD while determining diagnostic time stamps for 14
additional selected chronic diseases [21]. Thus, our inclusion
criterion was broad, encompassing all Danish adults (aged ≥18
years) who received an algorithmic diagnosis of HD during the
study period. No additional exclusion criteria were applied. Our

JMIR Cardio 2025 | vol. 9 | e57749 | p.328https://cardio.jmir.org/2025/1/e57749
(page number not for citation purposes)

Holm et alJMIR CARDIO

XSL•FO
RenderX

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


outcome was time until death of any cause after the HD
diagnosis.

Statistical Analysis
The prevalence of each of the chronic diseases was calculated
at the time of HD diagnosis across all patients in the population.
Similarly, we calculated prevalences of the diseases throughout
the observation period by considering whether the condition
had occurred at all among the patients with HD.

The data were analyzed within a survival analysis framework,
with years following HD diagnosis as the time variable and an
event defined as all-cause mortality. As such, we denoted the
HD diagnosis time as t=0 and aligned our timescale accordingly,
meaning that time t=0 corresponds to potentially different age
times and calendar times for distinct individuals. In addition,
individuals lost to follow-up due to emigration or reaching the
end of the observation period were censored at these times.

The time-varying information on individual diagnoses;
information on sex (male or female), age, educational attainment
level (none, short, medium, long, missing, and missing before
1920); and calendar time were included as explanatory variables
in the analysis (refer to tables 1/2 in the study by Holm et al
[28]). We used an extended Cox model to estimate the effect
of these explanatory variables on mortality, allowing for the
inclusion of time-varying covariates. We classified our variables
into primary and intrinsic categories [29]. Primary variables,
such as the time-varying diagnosis indicators, cover variables
of paramount interest. Intrinsic variables define the study
individuals (ie, the variables sex, age, educational attainment
level, and calendar time). Interactions both between and within
each group of variables were considered. The numerical
variables were mean centered before analysis.

As the development of additional diagnoses is a continuous
process, the primary variables were allowed to change over
time. These variables were piecewise constant in time, being 0
when the diagnosis was not present and 1 when obtained and
onward in time. As the registries continuously cover clinical
events for all individuals over the observation period, these
diagnosis variables update at individual-specific time points
dictated by the (sequence of) events that trigger the algorithmic
diagnosis (Multimedia Appendix 1). An example of a potential
sequence of diagnoses is showcased in Figure 1.

In the extended Cox proportional hazard model [30], the hazard
hi for the ith individual at time t is given by the following
equation:

(1)

In this equation, h0(t) is the unspecified baseline hazard function
for a male individual with no education without any diagnoses
except HD. Xij(t) denotes the variable j for individual i (with
Xi(t) denoting a vector of all variables) at time t, with i=1,...,n.
The βj are the effect parameters. Due to h0(t) being unspecified,
these parameters are linked to the relative mortality hazard rate
of a variable as opposed to the absolute risk. Equation 1 assumes

that variables have proportionate effects on the hazard function
over time. We assessed this assumption for each variable by
examining Schoenfeld residuals [31]. In addition, as the effect
parameters βj do not depend on time, the hazard rate associated
with a particular combination of explanatory variables was
assumed to be the same across all time points.

To analyze the data, the following software was used: R (version
4.2.2; R Foundation for Statistical Computing), with the
packages survival (version 3.5-5), lava (version 1.7.1), glmnet
(version 4.1-6), and multcomp (version. 1_4-20).

Selection of Variables and Interactions
It is essential to account for diagnosis interactions as such
parameters serve to model the entire effect of disease portfolios
associated with mortality. Possible omitted interaction effects
from a model in which a significant interaction exists can result
in a misrepresentation of the relationship between the variables
and the time until death. It may also lead to bias in parameter
estimation [32,33].

A common way to perform variable selection is a backward
selection approach starting from a full model considering all
possible interactions, reducing it to a model that best explains
the observed data. However, such an approach was not
computationally feasible as we are in a big data setting with
numerous observations and countless potential variable
interactions. Instead, we considered 2 variations of a
forward-backward selection procedure to discover disease
interactions. As a sensitivity analysis, we also performed
variable selection using the stability selection methodology [34]
with the regularization-based least absolute shrinkage and
selection operator (LASSO) [35] approach.

In addition to the models including interaction effects, a model
solely consisting of the primary and intrinsic variables’ main
effects (and squared and cubic terms) was estimated for
reference.

We considered k-way interactions iteratively for k=2,..., M, with
M being a predetermined upper limit. The selection procedure
starts from an initial model including all main effects and works
in the following way for each value of k:

• Generate nc candidate variable additions obtained from the
current model by adding a single k-way interaction to an
already existing (k – 1)–way interaction, also adding
necessary lower hierarchical terms.

• Repeat until there are no candidate models below the cutoff:
(1) estimate each of the candidate models obtained from
adding any of the nc variables not already added to the
current model and compare with the current model using a
likelihood ratio test and (2) select the candidate model with
the lowest P value below the cutoff α/nc as the current
model.

• Clean up potentially masked significances in the k-way
selection path through backward selection using a test level
of α.

The selection algorithm runs either until M-way interactions
are included or until no k-way interactions are selected in the
kth iteration. In the forward step of the selection algorithm, a
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Bonferroni-adjusted cutoff is used to minimize the risk of false
discoveries as each variable addition is potentially tested for
inclusion nc times. We note that all considered models are
hierarchical, meaning that, if a model contains a 5-way
interaction among 5 variables, it also contains all possible 4-,
3-, and 2-way interactions among those variables.

Due to the allowance of any k-way interaction between and
among the primary and intrinsic variables, a possibly large
number of candidate models were included for each value of k.
Because of this, the selection forward step was relaxed such
that the candidate model P values were ordered from lowest to
highest after the first estimation for each value of k. In the
following estimations, variable additions were checked in this
order, immediately adding any interactions below the cutoff
while discarding insignificant terms. Before backward selection,
any discarded terms were included again through forward
selection. To introduce conservatism, all variable selections
were performed with α=.001. The resulting model with all
selected interactions was labeled as the ALL model.

In addition to the ALL model, the variable selection procedure
was run without relaxation of the forward step but only
considering interactions among the primary variables. We
labeled this as the disease interactions only (DIO) model.
Furthermore, we used a variation of the stability selection
framework [34], a method for improving variable selection in
high-dimensional, sparse environments. This method selects
variables repeatedly chosen on subsampled data through a
structure learning method such as the LASSO algorithm for the
Cox model [36]. We used a selection threshold of 0.9 following
the recommendation in the work by Meinshausen and Bühlmann
[34]. Each subsample included 10 randomly selected variables
considering all their possible interactions up to an order of 5.
This caused us to consider 3400 subsamples in total. We then
fit an unregularized Cox model using the stably selected terms
and performed backward selection to reduce the model using
all available data. The resulting model was labeled the stable
model. As a sensitivity criterion, we compared detected
interactions among the chronic diseases across the ALL, DIO,
and stable models. The additive model only including main
effects was labeled as the only main effects (OME) model.

Selecting Disease Portfolios
Due to the many possibilities when considering combinations
of the 14 co-occurring diseases, some of our presented results
are based on selected disease portfolios. These selections were
made based on 3 criteria: most common disease portfolios,
disease portfolios subject to the highest order of disease
interactions, and disease portfolios with the highest mortality
impact. The main results presented in this paper are based on
the ALL model. To illustrate the importance of modeling
interaction effects, the effect of specific disease portfolios in
the ALL model was compared to additive effects from the OME
model on the log-hazard scale.

Scenarios
As the considered diagnosis variables were subject to
higher-order interactions, effects were not apparent just from
the estimated parameters because the effect of a single diagnosis
varied across different levels of other diagnoses and intrinsic
variables. To supplement the effect of the selected disease
portfolios, the absolute mortality risk over time was estimated
for multiple scenarios using the estimated ALL model. We did
this to illustrate the modification of the risk profile over time
of an individual diagnosed with HD. Each scenario represented
the risk of a hypothetical individual whose disease portfolio
expands at predetermined time points following HD diagnosis.
The times at which the disease portfolio expanded in the
hypothetical scenarios were determined in a data-driven fashion
using gamma regressions, where the time points (at which the
first, second, or third expansion of the disease portfolio
following HD diagnosis occurred) were regressed on the
diagnoses in the sequence considered in the scenario. The
scenarios were constructed for patients who received their HD
diagnosis at mean age and calendar time levels.

Ethical Considerations
In this study, we used data from the national Danish registries,
which are protected by the Danish Data Protection Act, meaning
that they can only be accessed after application and subsequent
approval. This study did not require additional approval from
the Danish Research Ethics Committees or any informed consent
as it solely involved the use of national registry data, exempt
under the Scientific Ethical Committees Act. Danish registry
data are deidentified to protect the privacy of individuals.

Results

Characteristics of the Study Population
A total of 766,596 individuals diagnosed with HD were included
(n=406,792, 53.06% male). The mean age at the time of HD
diagnosis was 67.51 (SD 13.07) years for male individuals and
73.02 (SD 13.37) years for female individuals (further baseline
characteristics are available in table 2 in the work by Holm et
al [28]). At the end of the observation period, 57.95%
(444,233/766,596) were dead (222,112/406,792, 54.6% male
and 222,121/359,804, 61.73% female). Overall, the prevalence
of multimorbidity in the complete trajectories of each patient
with HD was 96.88% (742,688/766,596). This was an increase
compared to the multimorbidity prevalence at time t=0
(661,490/766,596, 86.29%). The prevalence of each of the 14
co-occurring diseases is presented in Figure 2. Overall,
hypertension, high cholesterol, and allergies were among the
most prevalent diseases in the HD population, with a lifetime
prevalence of 81.18% (622,323/766,596), 44.94%
(344,481/766,596), and 28.88% (221,385/766,596), respectively
(Figure 2; Multimedia Appendix 2). Differences in prevalence
by sex were large for some chronic diseases, particularly for
osteoporosis and depression, commonly occurring in female
individuals.
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Figure 2. Diagnosis prevalence according to sex. Prevalence is reported at the time of heart disease (HD) diagnosis and for the entire span of the
observed disease trajectories (Lifetime). COPD: chronic obstructive pulmonary disease.

Interactions
Following the inclusion of 5-way interactions, the ALL model
selection procedure terminated due to no 6-way interactions
being selected. All the primary and intrinsic variables were
present in the final model. Figure 3 illustrates statistically
significant (P<.001) interaction relationships between chronic
diseases detected in the ALL model. Connections between
diseases in the ribbon chart illustrate the 2 chronic diseases
appearing in an interaction, with the color depicting the
complexity of the interaction (darker color represents a
higher-order interaction). The figure shows all diseases
interacting, with some diseases involved in more complex
interactions than other chronic diseases. In total, 288 interactions
were present in the final model. The interaction relationships
between the considered diseases were highly diverse but
dominated by cancer, which had statistically significant
interactions with all other diseases. Depression, stroke, chronic
obstructive pulmonary disease (COPD), dementia, and
osteoporosis were involved in the most complex interactions
as they were the sole diseases involved in 5-way interactions.

Some of the most prevalent diseases, allergies and hypertension,
were not part of these complex relationships.

The chronic disease allergies were part of 5 interaction
relationships with other diseases, involving two 4-way, two
3-way, and a single 2-way interaction. Hypertension interacted
with 9 other diseases, involving four 4-way, three 3-way, and
two 2-way interactions. Notably, dementia and depression
appeared in higher-order interactions (two 5-way interactions)
despite having fewer co-occurrences in the population. Similar
patterns were observed for the DIO and stable models
(Multimedia Appendices 3 and 4). In both models, COPD,
dementia, stroke, and depression were involved in interactions
of the highest order. The DIO model included up to 5-way
interactions, also featuring complex interactions involving the
chronic diseases diabetes and cancer (Multimedia Appendix 3).
For the stable model, only up to 4-way interactions were
detected (Multimedia Appendix 4). In general, most of the
interactions between diseases identified in the ALL model were
also present in the DIO and stable models (Multimedia Appendix
5).
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Figure 3. Graphical representation of disease-disease interactions in the all interactions model. A ribbon connects chronic diseases that have any
significant interaction (P<.001) between them. The connection’s width corresponds to the number of individuals diagnosed with HD developing both
diseases throughout the observation period. The ribbon’s color represents the highest-order interaction relationship between 2 diseases. The ribbon chart
is ordered by number of connections between diseases, starting from allergies (AL) with 5 connections all the way to cancer (CAN), which interacts
with all the additional diseases. BP: back pain; COPD: chronic obstructive pulmonary disease; DEM: dementia; DEP: depression; DIA: diabetes; HC:
high cholesterol; HT: hypertension; JD: joint disease; OA: osteoarthritis; OP: osteoporosis; SCH: schizophrenia; ST: stroke.

Effects

Difference in Effect Estimates by Disease Portfolio Size
To evaluate how the effects of disease portfolios on time until
death differed between models with and without interactions,
we calculated the effect differences between the OME model

and the ALL model on the log-hazard rate scale, denoted as .
We focused on disease portfolios ranging from 2 to 8 diseases
as these accounted for 98.95% (1,671,575/1,689,297) of all
disease portfolio observations of size ≥2. The effects in the ALL
model for each disease portfolio were computed at mean age
and calendar time levels, aggregating over combinations of both
sexes and all educational attainment levels. To compute an
overall estimate of the effect differences between the models
for each sex, we calculated a weighted mean of the differences
for each portfolio size. The weights were determined by the

prevalence of individual disease portfolios across the different
educational levels for each sex. In Figure 4, the aggregated
differences are displayed on the hazard scale, indicating the
multiplier required to convert the HR from the OME model into
the HR from the ALL model. The figure illustrates substantial
variations in disease portfolio effects when interactions were
excluded compared to when they were included. The HR
multiplier increased gradually for disease portfolios of increasing
size, flattening at approximately 1.4 at disease portfolios of size
6. In general, for disease portfolios of size 2, the HRs were, on
average, slightly overestimated when interactions were not
modeled. However, for disease portfolios of size ≥4, the HRs
were, on average, underestimated for both sexes. The
underestimation also applies to female individuals with disease
portfolios of size 3. In general, the HR multiplier was slightly
greater for female individuals compared to male individuals
across all disease portfolios.
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Figure 4. Difference in effect estimates for disease portfolios of increasing size for female and male individuals. Each bar represents a weighted average
of the differences in effects between the additive only main effects (OME) model and the all interactions (ALL) model on the hazard scale exp(Inline
Graphic 3). Thus, the bars indicate the average multiplier required to convert the hazard ratio (HR) from the OME model into the HR from the ALL
model. The weights were determined based on the occurrence of each specific disease portfolio across the different educational attainment levels for
each sex.

Most Frequent Disease Portfolios
The effects of the 10 most frequent disease portfolio dyads,
triads, tetrads, and pentads are presented on the log-hazard scale
at increasing educational attainment levels for male individuals
in Figure 5 and for female individuals in Figure 6 based on the
ALL model. The associated HR estimates are presented in
Multimedia Appendices 6 and 7. Disease portfolios including
high cholesterol and allergies were of particular concern as
many of them had a negative effect, corresponding to a
decreased mortality hazard rate relative to an individual
diagnosed with HD who was not multimorbid. By comparing
effects of the disease portfolios from the ALL model to effects
from the OME model, generally, the direction of the effect
(positive or negative) agreed between the models for both male

and female individuals. However, the magnitude of the effects
was greater in the ALL model than in the OME model for almost
all disease portfolios, educational attainment levels, and sexes.
This indicates an underestimation of the risk associated with a
disease portfolio for the positive effects and an overestimation
for the negative effects. For some disease portfolios, an inverse
social gradient was visible in the educational dimension, where
the higher the educational attainment level, the greater the effect
of the disease portfolio (refer to, eg, the portfolio [diabetes,
hypertension] in Figure 5). Sex-related disparities in disease
portfolio effects were also evident. For disease portfolios
containing depression and osteoporosis, the effects of the
portfolios were greater for male individuals than for female
individuals, whereas for COPD, cancer, stroke, and diabetes,
the effects were greater for female individuals.
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Figure 5. Effects of the 10 most frequent disease portfolio dyads (A), triads (B), tetrads (C), and pentads (D). Effects are shown for male individuals
of varying educational attainment levels at the log-hazard rate scale. Comparisons are made to a male individual of the corresponding educational
attainment level who only has heart disease (HD). Effects are presented for the all interactions model (different shades of blue) and the only main effects
model (red). All comparisons are made at mean age and calendar time. HD is present in all disease portfolios. AL: allergies; BP: back pain; CAN:
cancer; COPD: chronic obstructive pulmonary disease; DEP: depression; DIA: diabetes; HC: high cholesterol; HT: hypertension; OA: osteoarthritis;
OP: osteoporosis; ST: stroke.
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Figure 6. Effects of the 10 most frequent disease portfolio dyads (A), triads (B), tetrads (C), and pentads (D). Effects are shown for female individuals
of varying educational attainment levels at the log-hazard rate scale. Comparisons are made to a female individual of the corresponding educational
attainment level who only has heart disease (HD). Effects are presented for the all interactions model (different shades of blue) and the only main effects
model (red). All comparisons are made at mean age and calendar time. HD is present in all disease portfolios. AL: allergies; BP: back pain; CAN:
cancer; COPD: chronic obstructive pulmonary disease; DEP: depression; DIA: diabetes; HC: high cholesterol; HT: hypertension; OA: osteoarthritis;
OP: osteoporosis; ST: stroke.

Most Complex Disease Portfolios
Figure 7 shows the effects of disease portfolios containing
combinations of stroke, osteoporosis, COPD, dementia, and
depression for male individuals with differing educational
attainment levels. These chronic diseases were all part of 5-way
interactions, making the effects associated with their portfolios
the most complex. For dyads, triads, tetrads, and pentads, the

OME model generally yielded lower effects than the ALL
model. This implies an underestimation of mortality risk in male
individuals for these portfolios when interactions were not
modeled. The underestimation was greatest for disease portfolios
involving dementia or stroke. Similar results were observed for
female individuals but also included a large underestimation of
mortality hazard rates for portfolios involving COPD
(Multimedia Appendix 8).
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Figure 7. Effects of disease portfolio dyads (A), triads (B), tetrads (C), and pentads (D) involving stroke (ST), osteoporosis (OP), chronic obstructive
pulmonary disease (COPD), dementia (DEM), and depression (DEP). Effects are shown for male individuals of varying educational attainment levels
at the log-hazard rate scale. Comparisons are made to a male individual of the corresponding educational attainment level who only has heart disease
(HD). Effects are presented for the all interactions model (different shades of blue) and the only main effects model (red). All comparisons are made at
mean age and calendar time. HD is present in all disease portfolios.

Disease Portfolios With the Highest Mortality Impact
Table 1 presents the largest HRs for disease portfolio dyads,
triads, and tetrads among male and female individuals.
Generally, the HRs of the disease portfolios were greater in
female individuals; however, the portfolio [schizophrenia]
exhibited a greater HR in male individuals. For dyads, the
portfolios [cancer], [dementia], [schizophrenia], [stroke], and
[COPD] ranked within the top 5 for both sexes. Notably,
[cancer] exhibited the largest HR (6.72 for male individuals and
7.59 for female individuals). When considering triads and
tetrads, cancer was similarly consistently featured in the top 5
portfolios for both sexes. This indicates that cancer contributes
to a greatly increased relative mortality risk whenever present.
Among triads, the portfolio [cancer, schizophrenia] had the
largest HR for male individuals (13.26) and the second largest
for female individuals (13.38). The top-ranking portfolio for

female individuals was [cancer, COPD] (HR=15.39), whereas
for male individuals, it was the second largest (HR=11.34).
Notably, 80% (4/5) of the tetrad portfolios with the highest
mortality impact included both cancer and COPD for male and
female individuals. As cancer was consistently present in the
triads and tetrads with the highest mortality impact, we
separately examined the triads and tetrads among portfolios
without cancer. The results are presented in Table 2. Upon
excluding cancer, we observed that portfolios including
dementia and schizophrenia were prominent in most of the triads
and tetrads with the highest mortality impact. Among tetrads,
the portfolios with the highest mortality impact for male
individuals always involved osteoporosis paired with dementia
or schizophrenia. In contrast, for female individuals, the tetrads
with the highest mortality impact typically consisted of stroke
in combination with dementia or schizophrenia.
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Table 1. The 5 largest hazard ratios (HRs) for dyad, triad, and tetrad disease portfolios.

Individualsc, n (%)HR (99.9% CI)bPortfolioaRank

Male individuals

Dyads (n= 188,910 )

6702 (3.55)6.72 (6.06-7.45)[CANd]1

1272 (0.67)3.99 (3.59-4.43)[DEMe]2

888 (0.47)3.04 (2.85-3.24)[SCHf]3

5722 (3.03)2.89 (2.66-3.14)[STg]4

7884 (4.17)2.81 (2.55-3.10)[COPDh]5

Triads (n= 229,552 )

66 (0.03)13.26 (11.50-15.29)[CAN, SCH]1

1356 (0.59)11.34 (9.89-12.99)[CAN, COPD]2

433 (0.19)10.35 (9.01-11.90)[CAN, OPi]3

131 (0.06)10.06 (8.38-12.07)[CAN, DEM]4

773 (0.34)9.87 (8.59-11.35)[CAN, ST]5

Tetrads (n= 195,248 )

28 (0.01)19.21 (16.33-22.60)[CAN, COPD, SCH]1

14 (0.01)16.82 (14.14-20.01)[CAN, SCH, ST]2

157 (0.08)16.40 (14.10-19.07)[CAN, COPD, OP]3

168 (0.09)15.92 (13.29-19.07)[CAN, COPD, ST]4

30 (0.02)14.71 (11.59-18.67)[CAN, COPD, DEM]5

Female individuals

D yads (n= 148,395 )

3559 (2.4)7.59 (6.83-8.43)[CAN]1

1180 (0.8)4.41 (3.98-4.89)[DEM]2

3386 (2.28)3.60 (3.27-3.97)[ST]3

4335 (2.92)3.57 (3.23-3.95)[COPD]4

663 (0.45)2.74 (2.56-2.92)[SCH]5

T riads (n= 190,272 )

622 (0.33)15.39 (13.51-17.53)[CAN, COPD]1

58 (0.03)13.38 (11.70-15.31)[CAN, SCH]2

90 (0.05)12.84 (10.60-15.56)[CAN, DEM]3

296 (0.16)12.65 (10.91-14.67)[CAN, ST]4

251 (0.13)10.44 (9.24-11.80)[CAN, DIAj]5

Tetrads (n= 177,755 )

14 (0.01)24.10 (20.45-28.41)[CAN, COPD, SCH]1

13 (0.01)23.13 (17.89-29.91)[CAN, COPD, DEM]2

54 (0.03)22.80 (18.84-27.59)[CAN, COPD, ST]3

20 (0.01)19.14 (15.03-24.37)[CAN, DEM, ST]4

168 (0.09)17.57 (15.06-20.48)[CAN, COPD, OP]5

aAll portfolios contain the HD diagnosis.
bThe reference group comprises male or female individuals with only heart disease (HD). HR estimates were aggregated on the log-hazard scale for
male and female individuals across all educational attainment levels using weights corresponding to the number of individuals with each portfolio within
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that subpopulation. Portfolios with <10 individuals were excluded.
cThe number of unique male or female individuals who had exactly this combination of diseases at any time during the observation period. Percentages
are among all male or female individuals observed with dyads, triads, and tetrads, respectively.
dCAN: cancer.
eDEM: dementia.
fSCH: schizophrenia.
gST: stroke.
hCOPD: chronic obstructive pulmonary disease.
iOP: osteoporosis.
jDIA: diabetes.
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Table 2. The 5 largest hazard ratios (HRs) for dyad, triad, and tetrad disease portfolios excluding portfolios with cancer.

Number of individualscHR (99.9% CI)bPortfolioaRank

Male individuals

Dyads (n= 182,208 )

1272 (0.7)3.99 (3.59-4.43)[DEMd]1

888 (0.49)3.04 (2.85-2.24)[SCHe]2

5722 (3.14)2.89 (2.66-3.14)[STf]3

7884 (4.33)2.81 (2.55-3.10)[COPDg]4

2341 (1.28)2.47 (2.26-2.69)[OPh]5

Triads (n= 206,638 )

257 (0.12)8.58 (7.49-9.84)[DEM, OP]1

380 (0.18)7.54 (6.58-8.65)[DEM, ST]2

177 (0.09)7.37 (6.58-8.24)[COPD, SCH]3

228 (0.11)7.12 (6.34-8.00)[DEM, SCH]4

117 (0.06)6.50 (5.80-7.28)[SCH, ST]5

Tetrads (n= 164,266 )

98 (0.06)13.37 (11.32-15.78)[DEM, OP, ST]1

52 (0.03)12.36 (10.46-14.61)[DEM, OP, SCH]2

19 (0.01)12.09 (10.21-14.31)[DEM, DIAi, OP]3

42 (0.03)11.90 (10.00-14.16)[COPD, DEM, OP]4

26 (0.02)11.72 (10.26-13.40)[COPD, OP, SCH]5

Female individuals

Dyads (n= 144,836 )

1180 (0.81)4.41 (3.98-4.89)[DEM]1

3386 (2.34)3.60 (3.27-3.97)[ST]2

4335 (2.99)3.57 (3.23-3.95)[COPD]3

663 (0.46)2.74 (2.56-2.92)[SCH]4

2939 (2.03)2.31 (2.18-2.44)[DIA]5

Triads (n= 174,861 )

268 (0.15)9.77 (8.49-11.24)[ST, DEM]1

113 (0.06)8.68 (7.36-10.24)[COPD, DEM]2

106 (0.06)8.44 (7.52-9.47)[COPD, SCH]3

324 (0.19)8.42 (7.27-9.75)[ST, COPD]4

649 (0.37)7.96 (6.99-9.06)[OP, DEM]5

Tetrads (n= 154,975 )

32 (0.02)16.65 (13.54-20.47)[COPD, DEM, ST]1

35 (0.02)15.04 (12.95-17.46)[DEM, DIA, ST]2

12 (0.01)14.79 (12.56-17.41)[COPD, SCH, ST]3

142 (0.09)14.58 (12.36-17.20)[DEM, OP, ST]4

72 (0.05)13.86 (11.51-16.70)[COPD, DEM, OP]5

aAll portfolios contain the HD diagnosis.
bThe reference group comprises male or female individuals with only heart disease (HD). HR estimates were aggregated on the log-hazard scale for
male and female individuals across all educational attainment levels using weights corresponding to the number of individuals with each portfolio within
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that subpopulation. Portfolios with <10 individuals were excluded.
cThe number of unique male or female individuals who had exactly this combination of diseases at any time during the observation period. Percentages
are among all male or female individuals observed with dyads, triads, and tetrads, respectively, excluding those with cancer.
dDEM: dementia.
eSCH: schizophrenia.
fST: stroke.
gCOPD: chronic obstructive pulmonary disease.
hOP: osteoporosis.
iDIA: diabetes.

Effect of Sex Across Socioeconomic Subpopulations
The complex interactions at play indicate that the effect of sex
on mortality varies by disease portfolio. This is illustrated in
Figure 8, which presents HRs comparing female to male
individuals across the 50 most prevalent disease portfolios at
different educational levels. Overall, the figure shows a decrease
in female mortality risk compared to male mortality risk, with
most HRs falling below 1, ranging from 0.41 ([hypertension,
allergies, osteoporosis]) to 0.93 ([stroke, high cholesterol,
diabetes] and [stroke, hypertension, high cholesterol, diabetes]).

However, the magnitude of this decrease varied across
comorbidity patterns. For example, portfolios that included
osteoporosis consistently showed HRs of <0.66, indicating a
notably lower mortality risk for female individuals with these
portfolios than for male individuals. Conversely, more complex
disease portfolios that included stroke and diabetes—such as
[stroke, hypertension, high cholesterol, diabetes] and [stroke,
hypertension, diabetes]—had HRs closer to 1, suggesting only
a slight reduction in female mortality hazard rate compared to
male mortality hazard rate.

Figure 8. Hazard ratios (HRs) of female (vs male) sex by disease portfolio and educational attainment level. Estimates for the 50 most common disease
portfolios are shown with 99.9% CIs. The estimates are presented for each of the educational attainment levels: none, short, medium, and long, indicated
by different shapes and always in ascending order from none to long. The reference group comprises male individuals with the same disease portfolio
and educational attainment level. The disease portfolios are ordered by prevalence from left to right, with [hypertension (HT)] being the most frequent
disease portfolio. All portfolios contain the heart disease (HD) condition, so it is not labeled in the plot. Therefore, the disease portfolio without a label
in the plot (the second from the left) corresponds to the disease portfolio with only HD. AL: allergies; BP: back pain; CAN: cancer; COPD: chronic
obstructive pulmonary disease; DEM: dementia; DEP: depression; DIA: diabetes; HC: high cholesterol; OA: osteoarthritis; OP: osteoporosis; ST: stroke.
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The Impact of COPD
To illustrate that the effect of a single disease varies depending
on the other diseases present in the portfolio, we estimated the
effect of COPD in each observed disease portfolio in the
population. The aggregated results are shown in Table 3 for

male and female individuals of increasing disease portfolio size.
The effect of COPD was greatest in triads (HR=2.81 for male
individuals and 3.57 for female individuals) and generally higher
in female than in male individuals. For increasing disease
portfolio sizes, the aggregated effect of COPD decreased
considerably with increasing disease portfolio sizes.

Table 3. Effect of chronic obstructive pulmonary disease (COPD) for increasing disease portfolio sizes. Each cell is the aggregated effect of COPD
(ie, hazard ratio [HR] comparing the portfolio with and without COPD). The effects were aggregated on the log-hazard scale using weights determined
based on the occurrence of each specific disease portfolio across the different educational attainment levels for each sex.

Disease portfolio sizeSex

8765432

1.912.082.272.502.742.982.81HR for male individuals

2.192.452.753.083.433.773.57HR for female individuals

Scenarios
We present 4 scenarios in Figure 9 to illustrate how the ALL
model’s estimates translate to the risk scale. In Figure 9A, we
show the first scenario, which consists of the trajectory of
schizophrenia followed by cancer and then dementia. The figure
illustrates an increase in the mortality rate with the additions of
schizophrenia and cancer to the disease portfolio. However,
when dementia diagnosis is obtained, its involvement in
interactions prevents a substantial increase in the mortality rate
compared to simply continuing undiagnosed. This is despite
dementia being the disease with the second-highest mortality
impact when considered in isolation (HR=3.99 for male
individuals and 4.41 for female individuals; Table 1). The
interaction effects between the diseases in the portfolio and
dementia create a situation in which adding dementia does not
further elevate the mortality hazard rate substantially.

Figure 9B shows a scenario that could resemble the disease
trajectory of a male heavy smoker. In this scenario, the patient
initially obtains HD diagnosis while also having hypertension

and high cholesterol. Over the following years, the patient
receives a diabetes diagnosis, which further elevates the
mortality risk. The risk accelerates even more with the addition
of a COPD diagnosis and, finally, a cancer diagnosis. In Figure
9C, a scenario showing the risk over time for a depression,
osteoporosis, and dementia trajectory at different educational
attainment levels for both the ALL and OME model is presented.
A deviation between the ALL and OME models is most visible
at the dementia disease, after which the risk in the ALL model
accelerates compared to that in the OME model. In addition,
the scenario visualizes that, despite the inverse social gradient
of the disease portfolios on the log-hazard scale (Figure 7),
lower educational attainment is still associated with a greater
risk of death. Another scenario illustrating this relationship is
presented in Figure 9D for a COPD, cancer, and dementia
trajectory. In this scenario, we observe general increased
mortality in male individuals compared to female individuals.
However, due to the HRs of the disease portfolios being greater
in female compared to male individuals (Table 1), the sex
difference decreases over time.
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Figure 9. Disease progression scenarios representing the mortality risk over time of a hypothetical (A) male individual with no education at mean age
and calendar time who develops schizophrenia (SCH), cancer (CAN), and dementia (DEM) at 2.6, 5.6, and 7.5 years, respectively, following heart
disease (HD) diagnosis; (B) male individual with no education who has hypertension (HT), high cholesterol (HC) at time of HD diagnosis and diabetes
(DIA), chronic obstructive pulmonary disease (COPD), and CAN at 2.3, 4.8, and 6.1 years, respectively, following HD diagnosis; (C) male individual
of varying educational attainment levels who develops depression (DEP), osteoporosis (OP), and DEM at 2.5, 5.9, and 7.5 years, respectively, following
HD diagnosis under the all interactions (ALL) model (solid lines) and the additive only main effects (OME) model (dashed lines); and (D) male (green
color) and female (red color) individual with no education who develops COPD, CAN, and DEM at 2.4, 5.8, and 8.0 years, respectively, following HD
diagnosis under the ALL model (solid lines) and the additive OME model (dashed lines).

Discussion

Principal Findings
Patients with HD will often be diagnosed with other chronic
diseases during their lifetime [2,5]. The effect of these
co-occurring diseases on adverse outcomes is an important
research focus as it is a clinically emerging challenge. In this
study on the effect of disease portfolios on time until death, an
extended Cox model allowing for time-varying covariates was
applied to a large, longitudinal dataset encompassing all Danish
adult patients with HD in the period from 1995 to 2015. We
identified interactions through a model and data-driven variable
selection procedure, revealing the severe diseases depression,
stroke, COPD, dementia, and osteoporosis as involved in the
most complex interactions. In addition, we estimated a simpler
additive model consisting solely of main effects, which, on
average, underestimated the effect of severe disease portfolios
by a factor of 1.4. We did this to elucidate the importance of
considering interaction effects when modeling the mortality
risk associated with multiple chronic diseases. To the best of
our knowledge, our work is the most extensive study examining

the effect of co-occurring diseases on mortality among patients
with HD.

We found that depression, stroke, COPD, dementia, and
osteoporosis were involved in interaction relationships of the
highest order, indicating that, when any of these diseases is
added to the disease portfolio of the patient with HD, its risk
contribution extensively depends on the other diseases already
in the portfolio or the intrinsic variables describing the patient.
These diseases were also identified under alternative variable
selection procedures. Our comparisons between the interaction
model and the simpler additive model showed differences in
the magnitude of the effects for several disease portfolios.
Overall, if interactions are not modeled, the average effect of
disease portfolios on time until death appears underestimated
for disease portfolios with >3 diseases (up to a factor of 1.4;
Figure 4). For female individuals, this average underestimation
also applied to disease portfolios of size 3. We observed an
inverse socioeconomic gradient in the educational dimension
for some of the most frequent and complex disease portfolios,
where the greater the educational attainment level, the greater
the associated HR of the disease portfolio (Figures 5-7;

JMIR Cardio 2025 | vol. 9 | e57749 | p.342https://cardio.jmir.org/2025/1/e57749
(page number not for citation purposes)

Holm et alJMIR CARDIO

XSL•FO
RenderX

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


Multimedia Appendix 8). We found that cancer was present in
all cases in the disease portfolios with the highest mortality
impact (Table 1). When considering disease portfolios with the
highest mortality impact that did not include cancer, we
observed that the psychiatric diseases schizophrenia and
dementia frequently appeared in conjunction with osteoporosis
for male individuals and in conjunction with stroke for female
individuals (Table 2). Schizophrenia also often appeared with
cancer among the disease portfolios with the highest mortality
impact. These results highlight effect modification when
multiple diseases co-occur in the patient with HD, and therefore,
interventions should carefully evaluate the entire disease
portfolio of the patient with HD.

Effects and Interactions
The high complexity of the estimated interaction model is clearly
illustrated in Figure 3. The figure shows the many dynamics
between diseases at play in the HD population, where multiple
chronic diseases are rampant. Depression, stroke, COPD,
dementia, and osteoporosis were the chronic diseases included
in the most complex interactions, also allowing for interactions
between these and the patients’ intrinsic factors. When
considering interactions between chronic diseases exclusively
(the DIO model), we observed that cancer and diabetes were
also involved in the most complex interactions (Multimedia
Appendix 3). Interactions with the intrinsic variables sex and
age might trivially explain some of these interactions involving
cancer and diabetes, which could be why they were not
identified among the most complex interactions in the ALL
model. Nevertheless, most interactions between individual
chronic diseases identified in the ALL model variable selection
were similarly discovered in either the stable or DIO model
variable selections (Multimedia Appendix 5), indicating
robustness in the detected interactions.

The consequences of modeling effects of interactions are
meticulously visualized on the risk scale in the scenario
illustrated in Figure 9A, where the addition of dementia does
not change the risk profile of the hypothetical patient much as
he already has the severe diseases schizophrenia and cancer
along with HD. In fact, many of the effect modifications implied
by the presence of interactions led to an attenuation of the
combined effect of the diseases compared to their effects in an
additive model. Biologically, this is reasonable as the considered
patients are generally frail due to their HD, thereby causing the
continued addition of chronic diseases to increase frailty before
death eventually occurs. Our results showing the effect of COPD
decreasing for increasing disease portfolio sizes support this
finding (Table 3).

Our analysis showed that both the psychiatric diseases dementia
and long-term depression were involved in the most complex
interactions (Figure 3). Although not part of 5-way interactions,
schizophrenia was involved in 4-way interactions with several
other diseases. These high-order interaction effects in disease
portfolios with psychiatric diseases complicate the interpretation
of their impact on mortality as the effects of having these
psychiatric diseases depend heavily on the other chronic diseases
present in the portfolio, as well as on intrinsic factors such as
age, sex, and socioeconomic position. From a biological point

of view, this illustrates the interplay between somatic and
psychiatric diseases concerning mortality [37,38]. Studies report
increased prevalence and risk of psychiatric diagnoses for
patients with cardiovascular diseases and their risk factors [39],
and efforts should be made to improve these patients’
psychological function. In addition, several studies indicate an
increased mortality risk in psychiatric patients when
comorbidities are present [7,37,38]. Indeed, we also found that
the psychiatric diseases schizophrenia and dementia were present
in the disease portfolios with the highest HRs (Tables 1 and 2).
As a result, this study has substantial implications for the priority
of identifying psychiatric manifestations of multimorbidity
among patients with HD as mortality risk is heavily modified
when these diagnoses are present, at least among the chronic
diseases and the population considered in this study.

Cancer was present in all portfolio dyads, triads, and tetrads
with the highest HRs (Table 1). This finding is supported by
previous studies reporting that most deaths from cardiovascular
disease occur in patients diagnosed with breast, bladder, and
prostate cancer [40]. However, the cancer diagnosis in our study
encapsulated a larger spectrum of cancer conditions. Among
the triads and tetrads with the highest mortality impact, cancer
was often present with schizophrenia. However, when
considering portfolios excluding cancer, dyads with dementia
had a higher mortality impact. Previous research shows higher
cancer mortality rates in individuals with schizophrenia, often
attributed to factors such as nonadherence to treatment,
diagnostic overshadowing, and limited collaboration between
medicine and psychiatry [41]. For patients with HD, our results
highlight these combinations of diseases as having some of the
most substantial mortality impacts.

We note that, among the variables identified in higher-order
interactions, Figure 7 and Multimedia Appendix 8 show
differences in effects when comparing estimates from models
with and without interactions. These contrasts emphasize the
importance of considering the complete disease portfolio of a
patient with HD when assessing risk. Our findings show that,
when interactions are not recognized, the model underestimates
the effect of severe diseases such as cancer, stroke, and COPD
while overestimating the effect of less severe diseases such as
high cholesterol and allergies (Figure 5). A previous study
demonstrated the adverse impact of ignoring statistical
interactions in epidemiologic studies, showing a potential bias
in main effect parameter estimates [33], which could be a reason
for these observed differences. As the underestimation of effects
asserted itself even for disease portfolios of small size, it could
be attributed to the first few manifestations of multimorbidity
(ie, the first diseases developed after HD) being more important
for survival than later. While the risk continuously increases
with the addition of diagnoses, the individual disease effects do
not combine additively. As a result, some patients might reach
a high risk profile with just a few diagnoses, trivializing the
extra effect of obtaining a new diagnosis, as illustrated by the
scenario in Figure 9A. The situation illustrated in Figure 9A
with the mortality risk not changing with the addition of a (on
its own) deadly chronic disease can only be modeled when
interactions are allowed. We speculate that the simple additive
model breaks down due to situations such as these,
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compensating the underestimation of the effect of severe
diseases with an overestimation of the effect of more common,
less severe diseases. While it was observed that, on average,
the additive model underestimated the effect of disease
portfolios (Figure 4), it is essential to mention that the individual
disease portfolio effect differences were aggregated across the
HD population.

In this study, we observed an apparent negative effect of the
high cholesterol diagnosis, indicating increased survival relative
to an individual without the disease. This artifact can be
attributed to the phenomenon that some individuals diagnosed
with HD who are also diagnosed with high cholesterol are likely
being treated with lipid-modifying agents such as statins, which
have many beneficial properties such as cholesterol reduction
and anti-inflammatory effects [42,43]. Despite having an
additional diagnosis, these individuals diagnosed with HD might
represent a less frail part of the HD population who might have
a higher degree of health literacy, thus being more aware of
their conditions and receiving attention from their general
practitioners. Another possible explanation is our use of
diagnosis time instead of the time of actual disease onset, which
was unknown. High cholesterol is a condition in which a
considerable amount of time may pass before diagnosis [44],
and among those patients with HD who are undiagnosed, some
may have the disease but not be undergoing treatment. It is also
essential to consider other consequences of multimorbidity.
Increased survival relative to an individual without a particular
disease may appear beneficial at first glance. However, it is
crucial to recognize that an additional chronic disease introduces
new challenges, such as new medication management,
consultations with general practitioners and specialists, and
potential functional impairments. It is essential to remember
that increased survival in these cases does not necessarily equate
to improved quality of life.

We found a more pronounced effect in disease portfolios
including osteoporosis in male individuals compared to female
individuals (Figures 5, 6, and 8; Table 1). Notably, despite the
generally higher prevalence of osteoporosis in female individuals
compared to male individuals, it is well documented that male
individuals diagnosed with osteoporosis experience higher
mortality rates than their female counterparts [45]. Our study
reaffirms this observation within a nationwide HD population.

Our findings revealed an inverse socioeconomic gradient for
some disease portfolios, where the isolated effect of disease
portfolios generally increased as educational attainment levels
rose (Figures 5-7; Multimedia Appendix 8). Thus, the higher
educated the patient, the higher the mortality hazard rate of the
disease portfolio compared to a person of the same educational
level with only HD. It is widely known that individuals with
higher levels of education enjoy better overall health and lower
mortality hazard rates than people with lower levels of education
[46]. Consequently, given that the reference patient with HD
who was not multimorbid was generally healthier in the
subpopulation with the highest educational attainment, it is
plausible that those who do become multimorbid in this
subpopulation experience a comparatively higher relative
mortality hazard rate. Hence, when interpreting this inverse
social gradient, it is important to bear in mind that the HR

reflects the increased relative mortality hazard rate associated
with having a specific multimorbid disease portfolio compared
to only having HD. Importantly, the inverse social gradient does
not directly translate to increased mortality with higher
educational level on the risk scale, as illustrated in Figure 7C.
Social disparities are extensively documented across various
aspects of multimorbidity, including prevalence [21], health
care use [47], and transitions between disease portfolios [28].
Our results contribute to this by revealing an inverse social
gradient concerning the isolated effect of combinations of
chronic diseases on mortality within a nationwide HD
population.

As clinical practice, such as guidelines, screening, testing, and
treatment for chronic diseases, evolved over the period from
1995 to 2015, our analysis was adjusted for calendar time at
HD diagnosis. We systematically assessed the influence of
calendar time on the most frequently observed disease portfolios.
Generally, we observed increased survival for patients diagnosed
more recently compared to earlier (of the 100 most common
portfolios, n=98, 98%). However, an inverse trend indicating
decreased survival over calendar time was observed for a few
disease portfolios, particularly for the portfolio [dementia] and,
in many cases, when dementia was combined with diabetes or
stroke. It is well known that demographic changes have caused
an increase in the prevalence of dementia over the years [48],
but as the model is conditional on the disease portfolio, an
increased prevalence of dementia over time does not in itself
explain the result. We currently lack an explanation for this
result and plan to further investigate it in future research.

Interpretations
This study illustrates that the complexity of addressing the
effects of multiple chronic conditions in a large, temporal dataset
requires consideration of the individual’s complete disease
portfolio. The extended Cox model used throughout this work
was chosen because it allows for modeling time-varying
variables in a survival context. In addition, it has the advantage
of making no assumptions regarding the distribution of the
survival times (ie, the underlying hazard function is left
unspecified [49]). However, a few assumptions were made about
the hazard function, namely, the relationship between covariates
and the hazard function. By examining Schoenfeld residuals,
we found that, in some cases, the proportional hazard assumption
was not fully supported [31], meaning that the effects might
vary across time. Therefore, it is essential to interpret the
presented effects as weighted averages of the true, possibly
time-varying effects across the entire observation period [50].
There are previous studies on the effect of multimorbidity on
time to death within HD populations [5,7]. However, the
analyses conducted in these studies do not acknowledge that a
patient’s multimorbidity state is likely to change dynamically
through time (ie, that it is time dependent). The differences in
prevalence at time t=0 and the end of the observation period
(Figure 2) in this study illustrate much progression in disease
portfolios. Thus, it is essential to consider this when conducting
a temporal statistical analysis. When interpreting effects, it is
crucial to keep the population in mind. As the study population
was selected and followed up on from the time of HD diagnosis,
the individuals considered were generally ill compared to, for
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example, an individual without any chronic diseases.
Furthermore, with Denmark being a European welfare state,
the population differs from those of many other countries where
individuals may have to pay for examinations; thus, the effects
might not be directly comparable due to variations in treatment
accessibility.

It is crucial to elaborate further on the contrasts associated with
the presented effect estimates. The estimates presented compare
a patient with HD who is not multimorbid to a patient with HD
who is multimorbid with a specific disease portfolio. In the
OME model, the effect of comparing, for example, a patient
with HD diagnosed with cancer and COPD to a patient with
HD who is not multimorbid would be the same as comparing
a patient with HD who also has cancer, COPD, and depression
to a patient with HD who also has depression. In other words,
the effect of a disease combination in an additive model can be
interpreted as having the specific combination of diagnoses in
the disease portfolio versus not having it. However, in the
presence of high-order interactions, the interpretation is only
the increased (or decreased) effect comparing an individual with
the particular disease portfolio to an individual without it. This
is due to the possibility of interactions with other variables,
which modify the effects of the disease combination.

The scenarios in Figure 9 were created to illustrate the workings
of the extended Cox model by illustrating how the model
estimates the mortality risk over time for the hypothetical
individuals diagnosed with HD. However, one should be careful
in interpreting these scenarios. They cannot be used
prognostically to forecast as time points of portfolio expansions
are never known at the time of HD diagnosis as that would be
conditioning on future events. These scenarios were solely
constructed to represent how the model depicts the mortality
risk of a “typical” patient with HD over time. The figures help
illustrate how the interaction effects on the log-hazard scale
relate to the risk of mortality on the probability scale.

For the results presented in this paper, it is essential to
emphasize that the effects and interactions uncovered represent
associations, not causal relationships. While our results provide
valuable insights into the relationships among the chronic
diseases, they should be interpreted as observational
associations, which can be informative for hypothesis generation
and risk assessment for individual portfolios. Furthermore, a
considerable group of individuals had missing educational
attainment information in this study. In our analyses, we
modeled missing values as separate categories. We also
estimated the final ALL model under the multiple imputation
framework [51], which led to similar results as those presented.

Strengths and Weaknesses
The main strength of this study is the entire Danish population
of individuals diagnosed with HD observed over a long period

using register data. Danish register data are generally of high
quality and fully representative of the entire Danish population
[52]. In addition, the use of algorithmic diagnoses processing
both International Classification of Diseases, 10th Revision,
diagnosis history and Anatomical Therapeutic Chemical
medicine history ensured that the HD population covered both
the primary and secondary parts of the Danish health care
system. However, there are several limitations associated with
this study. Given the observational nature of this study, our
results do not enable us to draw causal conclusions. In addition,
despite the algorithmic diagnoses previously being shown to
be reliable [18], a chronic disease’s true onset comes before
diagnosis. This is less of a challenge when diagnoses are
considered in a cross-sectional study than in a longitudinal
setting. Therefore, as time stamps for true disease onsets are
not possible, it is crucial to interpret the longitudinal effects
associated with a diagnosis in the context of exactly a diagnosis
(ie, the detection of the disease), where the individual may have
been ill for some time before that.

Conclusions
In conclusion, we emphasize the importance of considering a
patient’s entire disease portfolio when assessing or modeling
risk, avoiding oversimplified silo-based generalizations about
the effect of individual diseases. This study highlights the
importance of modeling interaction effects when chronic
diseases co-occur. Omitting these interactions can result in
underestimation of the elevated mortality risk associated with
multimorbidity in patients with HD. Through our analysis of a
comprehensive nationwide longitudinal dataset of 766,596
patients with HD, we identified sex-related and socioeconomic
disparities in disease portfolio HRs. Notably, an inverse
socioeconomic gradient was systematically observed for the
most common and complex disease portfolios, meaning an
increased mortality hazard rate with multimorbidity relative to
no multimorbidity as educational attainment level increases.
However, absolute mortality risk still decreased with increasing
educational attainment due to baseline effects of education.
Cancer was present in all disease portfolios with the highest
mortality impact. Excluding cancer, disease portfolios including
psychiatric chronic diseases were of the highest mortality
impact. We identified interactions among all considered
co-occurring chronic diseases. We found that stroke,
osteoporosis, COPD, dementia, and depression were integral
components of the most complex interactions of the highest
order. When these chronic diseases co-occur in the patient with
HD, their contribution to the patient’s risk profile depends on
multiple factors, encouraging a holistic view of the patient’s
entire disease portfolio along with their demographic and
socioeconomic risk factors.
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Multimedia Appendix 1
Algorithmic diagnoses. Algorithms used to define the 15 diagnoses.
[DOCX File , 17 KB - cardio_v9i1e57749_app1.docx ]

Multimedia Appendix 2
Prevalence of diagnoses according to sex.
[DOCX File , 17 KB - cardio_v9i1e57749_app2.docx ]

Multimedia Appendix 3
Graphical representation of disease-disease interactions in the disease interactions only model. A ribbon connects chronic diseases
that have any significant interaction (P<.001) between them. The connection’s width corresponds to the number of individuals
diagnosed with HD developing both diseases throughout the observation period. The ribbon’s color represents the highest-order
interaction relationship between 2 diseases. The ribbon chart is ordered by number of connections between diseases, starting from
allergies with 5 connections all the way to cancer, which interacts with all the additional diseases
[PNG File , 397 KB - cardio_v9i1e57749_app3.png ]

Multimedia Appendix 4
Graphical representation of disease-disease interactions in the stable model. A ribbon connects chronic diseases that have any
significant interaction (P<.001) between them. The connection’s width corresponds to the number of individuals diagnosed with
HD developing both diseases throughout the observation period. The ribbon’s color represents the highest-order interaction
relationship between 2 diseases. The ribbon chart is ordered by number of connections between diseases, starting from high
cholesterol with 1 connection all the way to chronic obstructive pulmonary disease, which interacts with 11 of the additional
diseases. Back pain does not interact with any chronic disease in this model.
[PNG File , 297 KB - cardio_v9i1e57749_app4.png ]

Multimedia Appendix 5
Diagnosis-diagnosis interactions identified across the all interactions model, the disease interactions only model, and the stable
model. A cell in the table indicates under which models arising from the different variable selection procedures an interaction
between the row and column condition is identified. Due to symmetry, only half of the table is presented.
[DOCX File , 20 KB - cardio_v9i1e57749_app5.docx ]

Multimedia Appendix 6
Male hazard ratios (HRs) for the 10 most common disease portfolio dyads, triads, tetrads, and pentads. The results are presented
for the all interactions model at the 4 educational attainment levels (none, short, medium, and long) and correspond to the situation
presented in Figure 5. The reference group comprises male individuals with only heart disease and the corresponding educational
attainment level. Results are also presented for the additive only main effects model. In each disease portfolio group, the disease
portfolio HR estimates are presented in order of prevalence, with the upper rows being more prevalent than the lower rows.
[DOCX File , 23 KB - cardio_v9i1e57749_app6.docx ]
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Multimedia Appendix 7
Female hazard ratios (HRs) for the 10 most common disease portfolio dyads, triads, tetrads, and pentads. The results are presented
for the all interactions model at the 4 educational attainment levels (none, short, medium, and long) and correspond to the situation
presented in Figure 6. The reference group comprises female individuals with only heart disease and the corresponding educational
attainment level. Results are also presented for the additive only main effects model. In each disease portfolio group, the disease
portfolio HR estimates are presented in order of prevalence, with the upper rows being more prevalent than the lower rows.
[DOCX File , 23 KB - cardio_v9i1e57749_app7.docx ]

Multimedia Appendix 8
Effects of disease portfolio dyads (A), triads (B), tetrads (C), and pentads (D) involving stroke, osteoporosis, chronic obstructive
pulmonary disease, dementia, and depression. Effects are shown for female individuals of varying educational attainment levels
at the log-hazard rate scale. Comparisons are made to a female individual of the corresponding educational attainment level who
only has heart disease (HD). Effects are presented for the all interactions model (different shades of blue) and the only main
effects model (red). All comparisons are made at mean age and calendar time. The HD condition is present in all disease portfolios.
[PNG File , 168 KB - cardio_v9i1e57749_app8.png ]
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Abstract

Background: Apolipoprotein B (APOB) rs676210 polymorphism has been associated with altered lipid metabolism and
cardiovascular risk in various populations; however, data from Vietnamese populations remain limited.

Objective: This study aimed to investigate the association of the APOB rs676210 variant with lipid profiles among Vietnamese
individuals newly diagnosed with elevated low-density lipoprotein cholesterol (LDL-C).

Methods: A cross-sectional study was conducted among 69 Vietnamese adults newly diagnosed with elevated LDL-C (≥130
mg/dL) at a tertiary hospital in Southern Vietnam. Participants were genotyped for APOB rs676210 using real-time polymerase
chain reaction (PCR) with allele-specific probes. Lipid profile components, including LDL-C, high-density lipoprotein cholesterol
(HDL-C), non–HDL-C, and ApoB, were compared across genotype groups (AA vs GA/GG) and alleles (A vs G). Statistical
analyses involved t tests, chi-square tests, and multivariable linear regression adjusted for age, sex, the BMI, and diabetes. P<.05
was considered statistically significant.

Results: Of the 69 participants, 32 (46.4%) carried the AA genotype, while 37 (53.6%) carried the GA or the GG genotype.
The AA genotype was associated with significantly higher LDL-C (mean 5.19, SD 0.95, vs mean 4.37, SD 0.97, mmol/L; P<.001),
non–HDL-C (mean 5.94, SD 1.08, vs mean 5.31, SD 1.22 mmol/L; P=.03), and ApoB (mean 149.5, SD 26.3, vs mean 136.9, SD
15.2, mg/dL; P=.02) and lower HDL-C (mean 1.26, SD 0.31, vs mean 1.44, SD 0.39, mmol/L; P=.03) compared to the GA/GG
genotype. Allele-based analysis showed that carriers of the A allele (98/138, 71%) also had higher LDL-C (mean 4.91, SD 1.02,
vs mean 4.36, SD 0.97, mmol/L; P=.004) and ApoB (mean 145.6, SD 23.2, vs mean 135.9, SD 16.0, mg/dL; P=.02) than G allele
carriers (40/138, 29%). These associations remained significant after multivariate adjustment.

Conclusions: APOB rs676210 polymorphism is associated with significant differences in lipid profiles among Vietnamese
adults with elevated LDL-C. Specifically, the A allele and the AA genotype confer a more atherogenic profile, suggesting potential
utility as a genetic marker in lipid screening and personalized cardiovascular risk management in this population.

(JMIR Cardio 2025;9:e76850)   doi:10.2196/76850
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Introduction

Cardiovascular disease (CVD) remains a leading cause of
mortality worldwide, and dyslipidemia is a key modifiable risk
factor contributing to this burden. Elevated low-density
lipoprotein cholesterol (LDL-C), in particular, is a significant
causal factor in atherosclerotic cardiovascular disease (ASCVD)
[1]. In many Asian populations, including Vietnam, the
prevalence of lipid disorders is high, with roughly one-third to
nearly half of adults meeting the criteria for elevated LDL-C
levels [2]. In this context, there is a growing body of research
in Vietnam focusing on genetic factors related to CVD,
highlighting the emergence of genomics as a relevant field [3-5].
Understanding genetic contributions to lipid abnormalities in
Vietnamese patients is thus increasingly important to improve
cardiovascular risk stratification and guide personalized
interventions.

Apolipoprotein B (ApoB) is the primary protein component of
LDL and other atherogenic lipoproteins, and it plays a crucial
role in the assembly, transport, and cellular uptake of these
particles. ApoB is a major structural protein of very low-density
lipoproteins (VLDLs) and low-density lipoproteins (LDLs),
mediating their interaction with cellular receptors [6]. Given its
central function, genetic variations in the APOB gene can
significantly impact lipid metabolism. Indeed, numerous
single-nucleotide polymorphisms (SNPs) in APOB have been
associated with altered plasma lipid levels and increased
atherosclerosis risk [7]. One such polymorphism is rs676210,
a c.8216G>A variant in exon 26 of APOB that results in a
proline-to-leucine substitution at codon 2739 (p.Pro2739Leu)
[6]. This missense mutation is of particular interest biologically,
as it is expected to induce a functional change in the ApoB-100
protein structure. The variant has been reported to influence
LDL particle characteristics; for example, rs676210 has been
linked to the susceptibility of LDL to oxidative modification
[8]. Oxidized LDL has a pathogenic role in plaque formation;
thus, such a genetic effect could directly affect ASCVD risk.

Epidemiologically, prior evidence suggests that rs676210 may
be relevant to interindividual differences in lipid profiles and
coronary risk. Genome-wide analyses have identified rs676210
as a locus associated with plasma lipoprotein traits [8,9].
Notably, the minor (A) allele of rs676210 was associated with
a more favorable lipid profile (lower total cholesterol [TC],
triglycerides [TGs], and LDL-C and higher high-density
lipoprotein cholesterol [HDL-C]) in a large cohort study [8]. In
addition, this SNP has been implicated in cardiovascular
outcomes: for instance, it was associated with myocardial
infarction risk in Chinese populations, likely mediated by
hyperlipidemia and higher ApoB levels [10,11]. However,
findings across studies have not been consistent, and data on
rs676210 are scarce in Southeast Asian groups, such as the
Vietnamese.

In Vietnam and other middle-income countries, resources for
comprehensive genotyping (eg, whole-genome sequencing) are
limited [12]. Therefore, focusing on common functional SNPs,
such as rs676210, is a practical approach to investigate genetic
predisposition to dyslipidemia in these populations. Given the

rising burden of hypercholesterolemia in Vietnam [13], it is
pertinent to investigate whether genetic polymorphisms, such
as APOB rs676210, contribute to interindividual variations in
LDL-C levels and related lipid indices among the Vietnamese
population. In contrast, statin therapy has been shown to be
effective in improving lipid profiles in high-risk patients [14,15].
However, the response to statins can vary considerably among
individuals, possibly due to underlying genetic factors [6,10].
In this context, the identification of lipid-related polymorphisms
may provide a useful foundation for tailoring preventive and
therapeutic interventions. This study thus aimed to explore the
association of rs676210 with plasma lipid parameters (LDL-C,
non-HDL-C, HDL-C, and ApoB levels) in a cohort of
Vietnamese patients newly diagnosed with elevated LDL-C.
By doing so, we sought to clarify the biological and clinical
significance of this variant in an Asian middle-income country,
where identifying key genetic markers could aid in improving
the screening and management of dyslipidemia.

Methods

Study Design and Population
This cross-sectional descriptive study was conducted among
adults undergoing routine health checkups at Can Tho University
of Medicine and Pharmacy Hospital, a major medical center in
Can Tho City, the economic, cultural, and health care hub of
the Mekong Delta region in Southern Vietnam. The study was
implemented from April 2023 to February 2025. Participants
were identified during annual occupational health examinations
and were newly diagnosed with elevated LDL-C. None had
received lipid-lowering therapy prior to enrollment.

A nonprobability convenience sampling method was used.
Eligible participants were individuals aged 18 years or older
who were diagnosed with elevated LDL-C, defined as
LDL-C≥130 mg/dL (3.4 mmol/L), based on the previous
literature and partly because the National Cholesterol Education
Program (Adult Treatment Panel III), or NCEP ATP III,
guidelines have identified this threshold as predictive of an
increased risk of ASCVD [16-18]. Strict exclusion criteria were
applied to ensure participant safety and homogeneity of the
study population. Patients who were currently taking
medications known to affect blood lipid levels, such as
corticosteroids, immunosuppressants, oral contraceptives, and
CYP3A4 inhibitors (including diltiazem, rifamycins,
cyclosporine, erythromycin, itraconazole, ketoconazole, HIV
protease inhibitors, fosamprenavir, and ritonavir), were excluded
from the study. Additionally, individuals with a history of
secondary dyslipidemia-inducing conditions, such as nephrotic
syndrome and hypothyroidism, as well as those with familial
hypercholesterolemia, were also excluded from the study.

A post hoc power analysis was conducted based on the observed
LDL-C difference of 0.88 mmol/L (β=.877, SE 0.237) and a
pooled SD of 0.96 mmol/L. At a significance level of α=.05,
the achieved statistical power (1 − β) was estimated at 84%.

Ethical Considerations
This study was conducted in accordance with the principles of
the Declaration of Helsinki and was approved by the Ethics
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Committee of Biomedical Research at Can Tho University of
Medicine and Pharmacy (approval no: 23.052.HV-ĐHYDCT).
Prior to enrollment, written informed consent was obtained from
all participants after they had been clearly informed of the
study’s objectives, procedures, potential risks, and
confidentiality safeguards. All data collected were anonymized
using unique identifier codes to ensure participant privacy, and
no personally identifiable information was included in the
dataset or manuscript. Participants received no financial or
material compensation for their involvement, as the study was
conducted during routine health screenings. Furthermore, no
individual-identifiable images or data were presented in the
manuscript or supplementary materials; therefore, image consent
forms were not required.

Data Collection
A standardized questionnaire was used to collect clinical and
lifestyle data, including age, sex, history of smoking, alcohol
abuse, sedentary lifestyle, diabetes mellitus, and hypertension.
Anthropometric measurements, including height, weight, and
the BMI, were directly measured using standardized procedures.
Height was measured to the nearest 0.1 cm, while weight was
recorded to the nearest 0.1 kg. The BMI was subsequently
calculated as weight in kilograms divided by the square of height
in meters (kg/m²). The classification of overweight and obesity
was based on the National Institutes of Health and World Health
Organization guidelines for the Asian population [19].
Hypertension was defined as previously diagnosed or newly
diagnosed according to the 2023 European Society of
Cardiology guidelines [20]. Blood pressure measurement
procedures were standardized using the 2020 International
Society of Hypertension guidelines [21]. Serum urea was
quantified using the glutamate dehydrogenase (GLDH) method,
which used the enzyme GLDH to measure the reduction of
reduced nicotinamide adenine dinucleotide (NADH), a process
directly proportional to the urea concentration in the sample.
Serum creatinine was measured using the Jaffé kinetic method
(the only method available in Vietnam), where creatinine reacts
with an alkaline picrate reagent to form a yellow-orange
complex [22]. The rate of complex formation is proportional to
the creatinine level when compared with a standard. This was
performed on the Abbott Architect c4000 automated
biochemistry analyzer using the Biolabo reagents from Abbott.
Fasting blood glucose and hemoglobin A1c (HbA1c) were tested
using the Abbott Architect c4000 automated biochemistry
analyzer. Diabetes mellitus was defined as previously diagnosed
or newly diagnosed based on the 2023 criteria of the American
Diabetes Association or the current use of glucose-lowering
medications [23]. After an overnight fast lasting 12 hours,
venous blood samples were collected in the morning and
processed according to standard laboratory procedures. The
serum was separated by centrifugation and used for the
determination of lipid profile components, including TC, TGs,
HDL-C, and LDL-C. Among these, TC, TGs, and HDL-C were
directly measured using enzymatic colorimetric methods on an
automated clinical chemistry analyzer, with reagent kits
provided with Biolabo reagents. The LDL-C concentration was
calculated indirectly using Friedewald’s formula in cases where
TG levels were below 400 mg/dL: LDL-C = TC – HDL-C –

(TGs/5) [24]. In our study, all participants had TG levels <400
mg/dL, satisfying the prerequisite for the formula’s validity. In
addition, serum ApoB levels were also quantified using
immunoturbidimetric or chemiluminescent immunoassay
methods, depending on the available analytical platform, using
Biolabo reagents.

Genotyping of APOB rs676210 Polymorphism

Genomic DNA Extraction
Genomic DNA was extracted from peripheral blood using the
Toppure Blood DNA Extraction Kit (ABT), following the
manufacturer’s protocol. Briefly, 200 μL of whole blood was
mixed with 400 μL of BL buffer and 20 μL of proteinase K,
followed by incubation at 72 °C for 10 minutes. After ethanol
precipitation, the lysate was transferred to a silica spin column,
washed sequentially with Wash Buffer (WB)1 and WB2, and
eluted in 50 μL of EB buffer. The purified DNA was stored at
–20 °C until use.

Real-Time PCR Genotyping
Genotyping of the APOB rs676210 polymorphism was
performed using a custom-designed allele-specific TaqMan
assay. Each 25 μL reaction contained 2.5 μL of 10× polymerase
chain reaction (PCR) buffer, 1 μL of primer mix (forward and
reverse, 10 μM each), 1 μL of either a 6-carboxyfluorescein
(FAM)- or a hexachloro-fluorescein (HEX)-labeled probe (5
μM), 1.5 μL of genomic DNA (10 ng/μL), and nuclease-free
water to adjust the volume. The reaction used the EZ PCR Mix
(Phu Sa Genomics), a ready-to-use premix containing Taq DNA
polymerase, deoxynucleoside triphosphates (dNTPs), and
MgCl₂ (final Mg²  concentration=2.0 mM).

Amplification was performed on a CFX Opus 96 Real-Time
PCR system (Bio-Rad Laboratories) under the following cycling
conditions: initial denaturation at 95 °C for 5 minutes, followed
by 35 cycles of denaturation at 95 °C for 25 seconds and
annealing/extension at 60 °C for 45 seconds (fluorescence
acquisition), and a final extension at 72 °C for 5 minutes.
Fluorescence signals were captured and analyzed using CFX
Maestro v2.3 software (Bio-Rad Laboratories).

Primers and Probes
Primers and allele-specific dual-labeled hydrolysis probes were
adapted from Abdulfattah and Al-Awadi [6], with minor
sequence modifications to enhance allele specificity. The
oligonucleotide sequences were as follows:

• Forward primer: 5′-TGTGTGTGAGATGTGGGGAA-3′
• Reverse primer: 5′-GGGATCTGAAGGTGGAGGAC-3′
• FA M - l a b e l e d  p r o b e  ( G  a l l e l e ) :

5′-FAM-TCTGGTATGTGAAGGTCAGGA-3′-BHQ1
• H E X - l a b e l e d  p r o b e  ( A  a l l e l e ) :

5′-HEX-TTCTGATATGTGAAGGTCAGGAAC-3′-BHQ1

All oligonucleotides were synthesized by Macrogen Inc. Primers
were desalted, and probes were purified using high-performance
liquid chromatography (HPLC).

Genotype Interpretation
Allelic discrimination was based on fluorescence threshold
detection:
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• Homozygous G/G (Pro/Pro): Only the FAM signal exceeded
the threshold.

• Homozygous A/A (Leu/Leu): Only the HEX signal
exceeded the threshold.

• Heterozygous G/A (Pro/Leu): Both FAM and HEX signals
were detected.

No internal control gene was used in the reaction. Duplicate
reactions for consistency confirmed genotype calls, and Sanger
sequencing was performed on 15% of the total samples to
validate the accuracy of genotyping results.

Data Analysis
Data were checked for completeness and accuracy before
analysis. All variables were complete; no missing data were
observed. Data collected in this study were encoded and
processed using R version 4.3.3 (R Foundation for Statistical
Computing), using libraries such as tidyverse, dplyr, ggplot2,
table1, compareGroups, and pROC [25]. Data were checked
for completeness and accuracy before analysis, with missing or
invalid cases excluded. Outliers and abnormal values were
detected using frequency plots and basic statistical checks via
functions such as filter(), drop_na(), and replace_na().
Categorical variables were numerically coded for statistical
processing using the mutate() function from dplyr, and at least
10% of the data underwent cross-checking using the sample_n()
function to detect entry errors.

Categorical variables were summarized as frequencies (counts
and percentages) using the table1 package. For continuous
variables, data distribution was assessed using the Shapiro-Wilk
test, with the shapiro.test() function, and values were presented
as means (SDs). Prior to statistical analysis, the
Kolmogorov-Smirnov and Shapiro-Wilk tests, along with
graphical distribution assessments (eg, histograms and
quintile-quintile [Q-Q] plots), were used to determine data
distribution, guiding the selection of appropriate statistical
methods (parametric or nonparametric). When continuous data
followed a normal distribution, comparisons between 2 groups
were conducted using the Student t test, with the t.test() function,
when the variance assumption was met. Additionally, the Levene
test was performed to assess the homogeneity of variances. All
continuous lipid variables were confirmed to satisfy the
assumptions of normality and homogeneity of variances,

validating the use of the Student t test for group comparisons.
For categorical variables, group comparisons were performed
using the chi-square test, with the chisq.test() function, when
the expected frequency assumptions were satisfied; otherwise,
the Fisher exact test, with the fisher.test() function, was applied
for 2×2 contingency tables, and the Fisher-Freeman-Halton
exact test was used for larger contingency tables.

For visualizing continuous data distributions, violin plots were
generated using the ggplot2 package, which provides a clear
graphical representation of the data distribution, highlighting
the variations in LDL-C and ApoB levels across different
genotype groups and allele groups.

The associations between APOB rs676210 polymorphism
(genotype and allele frequencies) and lipid profile parameters
(LDL-C, HDL-C, non–HDL-C, and ApoB) were evaluated using
statistical tests. Results are presented in statistical tables, and
all tests were 2-tailed, with a significance level of P<.05.

Results

Participant Details
Figure 1 illustrates the flow diagram of participant recruitment
and selection. A total of 69 patients with newly diagnosed
elevated LDL-C levels were enrolled in the study. Regarding
general characteristics, most participants were female, with a
female-to-male ratio of approximately 1.38. Most patients were
middle-aged, with a mean age of 54.54 (SD 11.64) years, and
approximately three-quarters (n=50, 72.5%) of the cohort were
overweight or obese. In terms of lifestyle behaviors, about
one-quarter (n=16, 23.2%) of participants were current smokers.
Concerning medical history, roughly one-third (n=21, 30.4%)
had a diagnosis of hypertension, while one-sixth (n=10, 14.5%)
had concomitant diabetes mellitus. A relatively high proportion
of patients (n=29, 42%) reported a sedentary lifestyle.
Additionally, one-sixth (n=12, 17.4%) reported alcohol abuse.
With regard to genotype distribution, 32 (46.3%) participants
had the AA genotype, 34 (49.3%) had the GA genotype, and 3
(4.4%) had the GG genotype. There were no statistically
significant differences in baseline characteristics between the
AA and the combined GA+GG genotype groups (P<.05), as
shown in Table 1.
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Figure 1. Flow diagram of study participant selection. LDL-C: low-density lipoprotein cholesterol; CYP3A4: cytochrome P450 3A4.
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Table 1. Baseline characteristics of study participants stratified by genotype.

P valueGenotypeCharacteristics

Total (N=69)GA+GG (n=37)AA (n=32)

Age (years)

.69a48 (69.6)25 (67.6)23 (71.9)<60, n (%)

—b21 (30.4)12 (32.4)9 (28.1)≥60, n (%)

.41c54.54 (11.64)55.62 (10.79)53.28 (12.61)Mean (SD)

Sex, n (%)

.79a29 (42)15 (40.5)14 (43.8)Male

—40 (58)22 (59.5)18 (56.3)Female

.24c61.75 (7.66)60.73 (8.76)62.94 (6.06)Weight (kg), mean (SD)

.69c159.59 (7.8)159.24 (8.42)160 (7.13)Height (cm), mean (SD)

.19c24.23 (2.29)23.89 (2.43)24.61 (2.09)BMI (kg/m2), mean (SD)

Overweight and obesity, n (%)

.33a50 (72.5)25 (67.6)25 (78.1)Yes

—19 (27.5)12 (32.4)7 (21.9)No

Smoking, n (%)

.37a16 (23.2)7 (18.9)9 (28.1)Yes

—53 (76.8)30 (81.1)23 (71.9)No

Alcohol abuse, n (%)

.78a12 (17.4)6 (16.2)6 (18.8)Yes

—57 (82.6)31 (83.8)26 (81.3)No

Sedentary lifestyle, n (%)

.79a29 (42.0)15 (40.5)14 (43.8)Yes

—40 (58.0)22 (59.5)18 (56.3)No

Diabetes mellitus, n (%)

.74d10 (14.5)6 (16.2)4 (12.5)Yes

—59 (85.5)31 (83.8)28 (87.5)No

Hypertension, n (%)

.70a21 (30.4)12 (32.4)9 (28.1)Yes

—48 (69.6)25 (67.6)23 (71.9)No

aComparison of the differences are given according to the Pearson chi-square test (statistical significance at P<.05).
bNot applicable.
cComparison of the differences are given according to the independent samples test (statistical significance at P<.05).
dComparison of the differences are given according to the Fisher exact test (statistical significance at P<.05).

Genotyping quality control showed a 100% call rate, with all
10 blinded duplicate samples and 15% of Sanger-validated
samples demonstrating 100% concordance. The genotype
distribution of the APOB rs676210 polymorphism did not

deviate significantly from Hardy-Weinberg equilibrium (P=.15),
supporting assay reliability and population representativeness.
Figure 2 shows the concordance between real-time PCR and
Sanger sequencing results.
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Figure 2. Concordant genotyping results using Sanger sequencing and real-time PCR (patient 24, GA genotype). PCR: polymerase chain reaction;
RFU: relative fluorescence units.

Analysis of the lipid profile among the 69 study participants
revealed that individuals with the AA genotype tend to have
lower HDL-C levels compared to those with GA and GG
genotypes (mean 1.26, SD 0.31, vs mean 1.44, SD 0.39,

mmol/L; P=.03). Additionally, concentrations of LDL-C,
non–HDL-C, and ApoB were significantly higher in the AA
genotype group compared to the GA and GG groups (all P<.05),
as shown in Table 2.
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Table 2. Lipid profile, ApoBa concentrations, and other indices stratified by genotype.

P valueGenotypeParameters

Total (N=69)GA+GG (n=37)AA (n=32)

TCb (mmol/L)

.21c4 (5.8)4 (10.8)0Normal, n (%)

—d12 (17.4)6 (16.2)6 (18.8)Borderline high, n (%)

—53 (76.8)27 (73)26 (81.3)High, n (%)

.14e6.96 (1.23)6.75 (1.25)7.2 (1.18)Mean (SD)

TGsf (mmol/L)

.89c23 (33.3)13 (35.1)10 (31.3)Normal, n (%)

—45 (65.2)23 (62.2)22 (68.8)Borderline high, n (%)

—1 (1.4)1 (2.7)0 (0)High, n (%)

.73e2.47 (0.75)2.5 (0.82)2.44 (0.67)Mean (SD)

HDL-Cg (mmol/L)

.13c61 (88.4)35 (94.6)26 (81.3)Normal, n (%)

—8 (11.6)2 (5.4)6 (18.8)Decreased, n (%)

.03e1.36 (0.37)1.44 (0.39)1.26 (0.31)Mean (SD)

LDL-Ch (mmol/L)

.005c20 (29.0)16 (43.2)4 (12.5)Borderline high, n (%)

—49 (71.0)21 (56.8)28 (87.5)High, n (%)

<.001e4.75 (1.04 )4.37 (0.97)5.19 (0.95)Mean (SD)

.03e5.6 (1.19)5.31 (1.22)5.94 (1.08)Non–HDL-C (mmol/L), mean (SD)

.02e142.75 (21.86)136.92 (15.21)149.5 (26.3)ApoB (mg/dL), mean (SD)

.59e13.78 (1.34)13.86 (1.42)13.69 (1.26)Hemoglobin (g/dL), mean (SD)

.65e6.16 (1.77)6.25 (1.75)6.05 (1.82)HbA1ci (%), mean (SD)

.83e5.9 (1.83)5.94 (1.85)5.84 (1.84)Glucose (mmol/L), mean (SD)

.60e71.24 (15.65)70.32 (15.48)72.3 (16.01)Creatinine (μmol/L), mean (SD)

.80e5.15 (1.63)5.1 (1.57)5.2 (1.71)Urea (mmol/L), mean (SD)

aApoB: apolipoprotein B.
bTC: total cholesterol.
cComparison of the differences are given according to the Fisher-Freeman-Halton exact test (statistical significance at P<.05).
dNot applicable.
eComparison of the differences are given according to the independent samples test (statistical significance at P<.05).
fTG: triglyceride.
gHDL-C: high-density lipoprotein cholesterol.
hLDL-C: low-density lipoprotein cholesterol.
iHbA1c: hemoglobin A1c.

Figure 3 illustrates the distribution of LDL-C (mmol/L) and
ApoB (mg/dL) levels by genotype. Individuals with the AA
genotype exhibited higher LDL-C and ApoB concentrations

than the GA+GG group. This suggests a potential association
between the AA genotype and elevated atherogenic lipid
parameters.
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Figure 3. Violin plot of LDL-C and ApoB concentrations by genotypes group. ApoB: apolipoprotein B; FDR-P: false discovery rate–adjusted P value;
LDL-C: low-density lipoprotein cholesterol.

To account for potential confounders, multivariable linear
regression was performed for lipid parameters by genotype,
adjusting for age, sex, the BMI, and diabetes mellitus. As shown
in Table 3, associations between the AA genotype and increased

LDL-C, non–HDL-C, and ApoB concentrations remained
statistically significant after adjustment, while the inverse
relationship with HDL-C was attenuated.

Table 3. Association between the APOBa rs676210 genotype and lipid profile outcomes: crude and adjusted estimates with multivariable linear
regression.

FDR-Pe
Model 2 P
value

Model 2d adjusted β (SE;
95% CI)

Model 1 P
value

Model 1c adjusted β (SE; 95%
CI)

Crude estimate P

valuebOutcome

.07.13–0.135 (0.088; –0.310 to
0.040)

.07–0.157 (0.087; –0.330 to
0.016)

.03HDL-Cf

.002<.0010.922 (0.242; 0.439 to 1.405<.0010.877 (0.237; 0.403 to 1.352)<.001LDL-Cg

.04.010.745 (0.292; 0.162 to 1.328).020.673 (0.288; 0.098 to 1.249).03Non–HDL-C

.04.0212.490 (5.247; 2.004 to
22.975)

.0311.406 (5.163; 1.092 to
21.720)

.02ApoB

aAPOB: apolipoprotein B.
bCrude P values from unadjusted comparisons between genotype groups.
cModel 1: age, sex, and BMI.
dModel 2: age, sex, BMI, and diabetes.
eFDR-P: false discovery rate–adjusted P value calculated for model 1 comparisons to account for multiple testing.
fHDL-C: high-density lipoprotein cholesterol.
gLDL-C: low-density lipoprotein cholesterol.

Each of the 69 participants contributed 2 alleles, resulting in a
total of 138 alleles analyzed for allele-based comparisons.
Stratified by genotype, there were no statistically significant
differences in baseline characteristics, including age, sex,
overweight-obesity status, smoking, alcohol abuse, sedentary

lifestyle, diabetes mellitus, and hypertension between allele
groups (all P>.05), as shown in Table 4.

Allele-based analysis indicated that carriers of the A allele are
associated with lower levels of HDL-C and higher levels of
LDL-C, non–HDL-C, and ApoB compared to carriers of the G
allele (all P<.05), as shown in Table 5.
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Table 4. Baseline characteristics of 69 participants stratified by allele.

P valueAlleleCharacteristics

Total (N=138)G (n=40)A (n=98)

Age group (years)

.46a96 (69.6)26 (65)70 (71.4)<60, n (%)

—b42 (30.4)14 (35)28 (28.6)≥60, n (%)

.29c54.54 (11.6)56.18 (10.63)53.87 (11.96)Mean (SD)

Sex, n (%)

.49a58 (42)15 (37.5)43 (43.9)Male

—80 (58)25 (62.5)55 (56.1)Female

.08c61.75 (7.63)59.68 (9.3)62.6 (6.7)Weight (kg), mean (SD)

.30c159.59 (7.77)158.55 (8.75)160.02 (7.34)Height (cm), mean (SD)

.06c24.23 (2.29)23.66 (2.54)24.46 (2.15)BMI (kg/m2), mean (SD)

Overweight and obesity, n (%)

.21a100 (72.5)26 (65)74 (75.5)Yes

—38 (27.5)14 (35)24 (24.5)No

Smoking, n (%)

.31a32 (23.2)7 (17.5)25 (25.5)Yes

—106 (76.8)33 (82.5)73 (74.5)No

Alcohol abuse, n (%)

.64a24 (17.4)6 (15.0)18 (18.4)Yes

—114 (82.6)34 (85.0)80 (81.6)No

Sedentary lifestyle, n (%)

.76a58 (42.0)16 (40.0)42 (42.9)Yes

—80 (58.0)24 (60.0)56 (57.1)No

Diabetes mellitus, n (%)

.52a20 (14.5)7 (17.5)13 (13.3)Yes

—118 (85.5)33 (82.5)85 (86.7)No

Hypertension, n (%)

.74a42 (30.4)13 (32.5)29 (29.6)Yes

—96 (69.6)27 (67.5)69 (70.4)No

aComparison of the differences are given according to the Pearson chi-square test (statistical significance at P<.05).
bNot applicable.
cComparison of the differences are given according to the Fisher exact test (statistical significance at P<.05).
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Table 5. Lipid profile, ApoBa concentrations, and other indices stratified by allele.

P valueAlleleParameters

Total (N=138)G (n=40)A (n=98)

TCb (mmol/L)

.10c8 (5.8)5 (12.5)3 (3.1)Normal, n (%)

—d24 (17.4)7 (17.5)17 (17.3)Borderline high, n (%)

—106 (76.8)28 (70)78 (79.6)High, n (%)

.18e6.96 (1.22)6.74 (1.28)7.05 (1.2)Mean (SD)

TGsf (mmol/L)

.07c46 (33.3)15 (37.5)31 (31.6)Normal, n (%)

—90 (65.2)23 (57.5)67 (68.4)Borderline high, n (%)

—2 (1.4)2 (5)0 (0)High, n (%)

.68e2.47 (0.74)2.51 (0.93)2.45 (0.65)Mean (SD)

HDL-Cg (mmol/L)

.15c122 (88.4)38 (95)84 (85.7)Normal, n (%)

—16 (11.6)2 (5)14 (14.3)Decreased, n (%)

.05e1.36 (0.37)1.46 (0.39)1.31 (0.35)Mean (SD)

LDL-Ch (mmol/L)

.008c40 (29.0)18 (45.0)22 (22.4)Borderline high, n (%)

—98 (71.0)22 (55.0)76 (77.6)High, n (%)

.004e4.75 (1.03)4.36 (0.97)4.91 (1.02)Mean (SD)

.04e5.6 (1.18)5.28 (1.24)5.73 (1.14)Non–HDL-C (mmol/L), mean (SD)

.02e142.75 (21.78)135.88 (15.99)145.56 (23.23)ApoB (mg/dL), mean (SD)

.63e13.78 (1.34)13.7 (1.5)13.82 (1.28)Hemoglobin (g/dL), mean (SD)

.58e6.16 (1.76)6.29 (1.82)6.1 (1.75)HbA1ci (%), mean (SD)

.80e5.9 (1.83)5.96 (1.84)5.87 (1.83)Glucose (mmol/L), mean (SD)

.51e71.24 (15.59)69.85 (15.1)71.81 (15.83)Creatinine (μmol/L), mean (SD)

.58e5.15 (1.62)5.03 (1.55)5.2 (1.66)Urea (mmol/L), mean (SD)

aApoB: apolipoprotein B.
bTC: total cholesterol.
cComparison of the differences are given according to the Fisher-Freeman-Halton exact test (statistical significance at P<.05).
dNot applicable.
eComparison of the differences are given according to the independent samples test (statistical significance at P<.05).
fTG: triglyceride.
gHDL-C: high-density lipoprotein cholesterol.
hLDL-C: low-density lipoprotein cholesterol.
iHbA1c: hemoglobin A1c.

The violin plots also demonstrated that carriers of allele A
exhibit higher concentrations of both LDL-C and ApoB
compared to carriers of the G allele (Figure 4).

After adjusting for age, sex, the BMI, and diabetes, the APOB
rs676210 variant remained significantly associated with

increased LDL-C, non–HDL-C, and ApoB levels, as shown in
Table 6. The association with HDL-C, however, was attenuated
and no longer statistically significant. These results suggest a
robust link between the rs676210 genotype and atherogenic
lipid parameters, independent of major metabolic confounders.
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Figure 4. Violin plots of LDL-C and ApoB concentrations by allele. ApoB: apolipoprotein B; FDR-P: false discovery rate–adjusted P value; LDL-C:
low-density lipoprotein cholesterol.

Table 6. Association between APOBa rs676210 alleles and lipid profile outcomes: crude and adjusted estimates with multivariable linear regression.

FDR-Pe
Model 2 P
value

Model 2d adjusted β (SE;
95% CI)

Model 1 P
value

Model 1c adjusted β (SE; 95%
CI)

Crude estimate P

valuebOutcome

.18.26–0.075 (0.067; (–0.207 to
0.057)

.17–0.091 (0.067; (–0.224 to
0.041)

.05HDL-Cf

.01.0020.621 (0.198; (0.230 to 1.012).0020.606 (0.196; (0.218 to 0.993).004LDL-Cg

.05.020.549 (0.229; (0.097 to 1.001).030.512 (0.228; (0.061 to 0.963).04Non–HDL-C

.09.058.202 (4.109; (0.075 to
16.330)

.077.601 (4.092; (–0.494 to
15.695)

.02ApoB

aAPOB: apolipoprotein B.
bCrude P values from unadjusted comparisons between genotype groups.
cModel 1: age, sex, and BMI.
dModel 2: age, sex, BMI, and diabetes.
eFDR-P: false discovery rate–adjusted P value calculated for model 1 comparisons to account for multiple testing.
fHDL-C: high-density lipoprotein cholesterol.
gLDL-C: low-density lipoprotein cholesterol.

Discussion

Principal Findings
In this Vietnamese cohort with newly diagnosed hyper–LDL-C,
we observed that individuals carrying the rs676210 AA genotype
had a markedly more atherogenic lipid profile than G allele
carriers (GA or GG). Specifically, the AA genotype was
associated with significantly higher LDL-C, non–HDL-C, and
ApoB levels, alongside lower HDL-C. In addition, allele-based
analysis revealed that carriers of allele A also had higher LDL-C,
non–HDL-C, ApoB levels, and lower HDL-C than G allele
carriers.

This pattern suggests that the A allele of rs676210 may
predispose to the accumulation of ApoB-containing lipoproteins
in circulation. The biological basis for this association likely
stems from the functional role of the APOB gene variant.
Rs676210 causes a Pro2739Leu substitution in the ApoB-100
protein, a change that can alter the protein’s conformation and
interactions [6]. Proline is a rigid, helix-breaking residue,

whereas leucine is a hydrophobic, helix-forming amino acid
[26]; replacing proline with leucine at position 2739 could
conceivably influence how ApoB-100 folds or binds to lipid
and receptor molecules [27,28]. One consequence of this
substitution, as reported in prior studies, is an effect on the
susceptibility of LDL particles to oxidation [11,29]. A
genome-wide study pinpointed rs676210 as a regulator of
oxidized LDL levels, which is noteworthy because oxidized
LDL is highly atherogenic and plays a key role in triggering
foam cell formation and early atherosclerotic lesions [8]. It is
possible that the leucine-encoding A allele produces LDL
particles that are less prone to oxidative modification, as one
earlier report suggests this variant renders LDL “less” easily
oxidized [8]. If LDL is less readily oxidized, it might evade
rapid uptake by macrophages and persist longer in circulation,
contributing to higher measured LDL-C and ApoB levels.
Conversely, the G allele (proline variant) could make LDL
particles more susceptible to oxidation and clearance, potentially
resulting in relatively lower LDL-C but more oxidative stress
per particle. This hypothesis aligns with the notion that rs676210
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is “functional” in modifying LDL particle behavior. Of note,
our finding that A allele homozygotes have lower HDL-C also
points to a broader dysregulation of lipid metabolism associated
with this variant, though the mechanism for the HDL effect is
unclear. It may be secondary to the remodeling of lipoproteins
in an environment of high ApoB lipoprotein concentration.
Further biochemical studies are needed to delineate how the
Pro2739Leu substitution influences LDL receptor binding,
particle clearance rates, or hepatic lipid homeostasis.
Nonetheless, the established link between this SNP and LDL
oxidation provides a plausible mechanistic bridge from the
genotype to the pro-atherogenic lipid phenotype observed in
our subjects [7,8,30,31].

The relationship between rs676210 and lipid levels has been
examined in several populations, and our results both
corroborate and diverge from prior findings. Interestingly, the
direction of association observed in our Vietnamese cohort (A
allele associated with higher LDL-C and ApoB and lower
HDL-C) contrasts with some reports in European ancestry
studies. Chasman et al [9], in an extensive genome-wide
analysis, noted that the A allele of rs676210 is linked to lower
LDL-C and TGs and higher HDL-C. This initially
counterintuitive discrepancy highlights the complexity of gene
effect modulation by the ethnic and environmental context. In
a Chinese population study [11], which focused on myocardial
infarction (MI) risk, the G allele of rs676210 (coding for proline
at 2739) was identified as the risk variant: Chinese individuals
carrying the G allele had higher plasma ApoB levels and an
increased risk of MI [11]. This Chinese study also observed a
trend toward higher LDL-C in G carriers, although it did not
reach statistical significance. These findings imply that in East
Asian populations, the G allele may be deleterious, whereas the
A (leucine) allele might be relatively protective, consistent with
the direction reported by Chasman et al [9] in predominantly
European cohorts. By contrast, our findings align more closely
with those from a Western Mexican population. Aceves-Ramírez
et al [7] reported that Mexican individuals with the AA genotype
of rs676210 have significantly elevated odds of acute coronary
syndrome, and overall, the A allele confers a higher risk of
coronary events compared to allele G (odds ratio [OR] 1.72,
P<.001). In addition, the A allele frequency was lower in
controls (22.5%) than in cases (33%), suggesting the A variant
is the risk allele in this population [7]. This parallels our
Vietnamese cohort results, where A allele carriers showed a
worse lipid profile, consistent with a risk-promoting effect.
Notably, allele frequency and linkage disequilibrium patterns
for rs676210 vary among ethnic groups. Specifically, East
Asians (eg, Han Chinese) have been reported to have a higher
A allele frequency (the putatively “normal” allele in those
groups) [11], whereas in populations of European or mixed
ancestry, the A allele may be the minor variant. Such differences
could lead to flip-flopping of which allele appears as “risk” in
genetic association studies due to interactions with other genetic
loci (epistasis) or environmental factors. Additionally, the
context of the study cohorts differs. The Chinese study involved
unselected patients with MI and controls [11], whereas ours
focused on individuals already flagged for high LDL-C. The
latter might represent a subset enriched for genetic
hyperlipidemia traits, potentially amplifying the impact of

specific alleles. In a population under strong dietary influences
or with different baseline risk factor profiles, the effect of
rs676210 on measured lipids could manifest differently. For
example, high-carbohydrate diets standard in parts of Asia
[32-34] might modulate TG-rich VLDL production, interacting
with APOB variants to influence LDL composition [35,36].
Although speculative, such gene-environment interplay could
partly explain why the same SNP shows heterogeneous
associations across studies.

Despite these discrepancies, all studies, including ours, reinforce
that rs676210 is not a neutral polymorphism but one that
influences lipid metabolism in some fashion. Whether the A
allele is beneficial or detrimental may depend on the metabolic
context. Some have proposed that the leucine variant (A allele)
might produce LDL particles less prone to oxidation (potentially
reducing inflammatory risk). However, if those particles
circulate longer, they could raise LDL-C levels—a trade-off
between the quantity and quality of LDL. In contrast, the proline
variant (G allele) might shorten LDL residence time at the cost
of being more atherogenic per particle. More research is required
to resolve these complex dynamics, as well as exceptionally
functional assays and population-specific analyses. Our findings
contribute to this dialogue by providing data from a Southeast
Asian cohort, illustrating that the rs676210-lipid association
may parallel that seen in specific Western populations (risk
allele A) rather than the pattern reported in East Asians (risk
allele G). This underscores the importance of investigating
genetic associations within diverse ethnic groups rather than
extrapolating findings universally. It should also be noted that
participants in our study were identified through annual
occupational health examinations, and none had received prior
lipid-lowering therapy. Although this allows for the
characterization of genotype-phenotype associations in
treatment-naive individuals, it may limit generalizability to
populations with established CVD or ongoing lipid management.

Limitations
Our study should be clarified with strengths and limitations.
From a clinical and public health perspective, identifying a
significant association between APOB rs676210 and lipid
profiles in Vietnamese patients may carry exploratory
implications. First, it highlights a potential genetic marker that
could be used to refine risk stratification for dyslipidemia and
its downstream consequences. In settings where comprehensive
genomic screening is not feasible, testing for a limited panel of
impactful SNPs, such as rs676210, could serve as an exploratory
tool to flag and identify individuals with a heritable propensity
for elevated ApoB and LDL-C. For example, if an individual
is known to carry the AA genotype of rs676210, our
cross-sectional findings indicate a trend toward a more adverse
lipid profile (high LDL-C, high ApoB). These findings may
help generate hypotheses regarding whether carriers of the AA
genotype are at increased risk for premature ASCVD and could
potentially benefit from earlier or more intensive intervention
strategies. However, clinical applications remain speculative
and would require validation in prospective or interventional
studies. Moreover, our sample was drawn from a hospital-based
cohort identified through routine occupational health screenings,
which may not be fully representative of the general population.
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Specifically, because all participants were recruited from a
hospital-based setting and selected based on newly diagnosed
elevated LDL-C without prior statin use, our sample is
inherently enriched for individuals with more clinically overt
dyslipidemia. This may have amplified the observed
genotype-phenotype associations. When compared with findings
from 2 recent Vietnamese population-based surveys, the lipid
profiles in our cohort appear markedly more atherogenic,
underscoring the selection bias and limiting generalizability to
the broader community. Caution is therefore warranted when
extrapolating these findings beyond the clinical screening
context. This is particularly relevant in Vietnam and similar
developing contexts, where ASCVD often presents at a relatively
young age, and resource-intensive interventions should be
targeted to those at most significant risk. Another important
implication of our study is the potential for personalized therapy.
Evidence suggests that genetic polymorphisms in lipid
metabolism genes can influence treatment response.
Interestingly, the rs676210 variant has been studied in
pharmacogenetic contexts: an Iraqi study demonstrated that
patients with the AA genotype experience a greater LDL-C
reduction in response to high-dose atorvastatin therapy [6].
Although our study did not involve a treatment intervention,
the observed association between the AA genotype and elevated
LDL-C levels raises the possibility that individuals carrying
this high-risk genotype might benefit more from intensive
lipid-lowering therapy, such as high-dose statins. However, this
interpretation remains speculative, as our study was not designed
to evaluate pharmacogenetic responses. To determine whether
the rs676210 polymorphism predicts differential response to
statins, a prospective, randomized controlled trial or a
genotype-stratified cohort study with pre- and posttreatment
lipid measurements would be required. Such a study would help
assess whether the AA genotype is not only a marker of
increased risk but also a predictor of treatment efficacy. From

a hypothesis-generating standpoint, carriers of the A allele might
represent a subgroup warranting closer monitoring and,
potentially, more intensive therapy—pending validation in
longitudinal or interventional studies. It is also worth noting the
novelty of our findings. To the best of our knowledge, this is
the first report detailing the association of rs676210 with lipid
profiles in a Vietnamese cohort. The Vietnamese population
has a distinct genetic architecture due to its ethnic background
and has been underrepresented in genomic research. Our study
contributes preliminary data suggesting that a common APOB
variant studied in other populations may also be relevant in the
Vietnamese context, though confirmation is needed in larger
cohorts. Additionally, it is important to note that comprehensive
genotype frequency data for the Vietnamese population remain
scarce, particularly for variants related to lipid metabolism, such
as APOB rs676210. This lack of large-scale population-based
genetic studies limited our ability to compare the genotype
distribution observed in our sample with national reference
values or those of neighboring countries. As such, our findings
should be interpreted as exploratory and hypothesis generating,
reinforcing the need for broader genomic research in this
underrepresented population. Lastly, we acknowledge that no
sensitivity or subgroup analyses were prespecified, and therefore
the findings should be interpreted with appropriate caution.

Conclusion
In conclusion, this study suggests that the APOB rs676210
polymorphism is associated with lipid profile parameters,
including LDL-C, non–HDL-C, HDL-C, and ApoB levels, in
a Vietnamese population newly diagnosed with elevated LDL-C.
Although the study has limitations, including potential selection
bias, a moderate sample size, and lack of functional measures
(eg, oxidized LDL levels), our findings are biologically coherent
and supported by external studies, enhancing confidence in the
validity and potential clinical relevance of the association.
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Abstract

Background: Many patients experience a gradual decline in health before seeking hospital care, with subtle changes in vital
signs such as increased heart rate or decreased mobility. Recognizing deviations from baseline vital signs can support clinical
decision-making, especially admission decisions. Smart devices (ie, smartphones, smartwatches, and activity trackers) track
health metrics like heart rate and step count, offering new opportunities to estimate illness severity and track deterioration early.

Objective: This study aimed to assess the feasibility of using heart rate and step count measurements from smart devices (ie,
smartphones, smartwatches, and activity trackers) to enhance the evaluation of patients presenting with acute illness in emergency
settings.

Methods: We conducted an international multicenter prospective observational study using the flash mob study design in 34
hospitals in the Netherlands (n=17), the United Kingdom (n=7), Denmark (n=9), and Switzerland (n=1) in May 2024. Researchers
collaborated with patients to complete questionnaires upon an acute care (ie, emergency department, acute medical unit, same
day emergency care) visit and extracted physiological data from their smart devices.

Results: Among patients with an acute care visit (n=1137), 40% (n=452) had a smart device with health data. These patients
tended to be from a higher educational level and in relatively good health. Only half had retrievable heart rate or step count data,
resulting in a usable data set for 20% (n=209) of the total study population. Analysis showed a significant increase in heart rate
(P<.001) and a decrease in step count (P<.001) in the days preceding their hospital visit. Both heart rate (P=.04) and step count
(P=.04) on the day before presentation were significantly associated with disposition.

Conclusions: Our study demonstrates the feasibility of using a patient’s personal smart device to monitor vital signs in the days
leading up to an acute care visit. In a selected patient group, significant changes in heart rate and step count were observed prior
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to hospital presentation, suggesting that disposition may be predicted using data collected from the patient’s own device. High-risk
patient groups, who might benefit the most from digital health monitoring, are currently underrepresented among device users.

(JMIR Cardio 2025;9:e76218)   doi:10.2196/76218

KEYWORDS

smart device; acute care; flash mob; vital signs; monitoring

Introduction

Many patients presenting to hospitals with acute medical
complaints experience a gradual decline in health over days or
even weeks before seeking care [1]. During this period, subtle
yet significant changes in vital signs, such as an increased heart
rate or decreased step count, may already be present, signaling
underlying physiological stress [2-4]. In the emergency
department (ED), acute medical unit (AMU), or same-day
emergency care (SDEC), the decision to admit a patient to the
hospital is influenced by various factors, including patient
symptoms, vital signs, past medical history, medication use,
diagnosis, as well as availability of social support at home [5-7],
and the estimated risk of clinical deterioration in the subsequent
hours and days [8]. Assessing how far a patient’s vital signs
deviate from their baseline may provide valuable insight to
support admission decisions.

Reference values from healthy individuals, recorded during
periods of physiological stability, are often used for this purpose
[9]. The extent of deviation from physiological baseline, as well
as the number of vital signs affected, correlates positively with
the frequency of adverse events and is widely recognized as a
measure of illness severity [9]. These above or below average
“abnormalities” can be assessed with generic tools such as the
National Early Warning Score (NEWS) [10] or with
disease-specific tools such as the CURB65 for pneumonia [11]
and the Blatchford score for bleeding in the upper
gastrointestinal tract [12]. These scoring systems are based on
population data and may under- or overestimate risk in
individual patients. The vital signs of a healthy individual have
a natural variability influenced by several factors, including
age, sex, body composition, medication use, genetics, and
physical condition [13-15]; very fit individuals, for example,
often have very low heart rates [16]. Therefore, personal baseline
measurements may offer a more tailored approach to evaluating
deviations than population averages to determine the illness
severity of an individual patient [17].

The use of smart devices is growing rapidly, with reports of
76% to 97% of the population in the United States [18] and
82% to 98% in the United Kingdom [19] owning smartphones,
with rates varying between age groups. Many smart devices (ie,
smartphones, smartwatches, and activity trackers) measure basic
health metrics, including heart rate and step count. These may
provide an opportunity for patients to track and share their
baseline values over time [20], potentially enabling a more
accurate estimation of their illness severity [1] and its rate of
deterioration [21]. This has already been demonstrated for
several medical conditions, for example, new or paroxysmal
atrial fibrillation and COVID-19 [22-27].

The aim of this study was to assess the feasibility of using heart
rate and step count measurements captured by smart devices
(ie, smartphones, smartwatches, and activity trackers) to enhance
the assessment of patients presenting as emergencies with an
acute illness. Feasibility was defined as having a smart device
with heart rate or step count data recorded at least twice between
30 days (baseline) before and on the day of admission, enabling
trend analysis, and measured as the percentage of patients with
an acute care visit (ED, AMU, or SDEC).

Methods

Study Design and Setting
We conducted an international, multicenter, prospective
observational study using the flash mob study design [28] across
34 hospitals in four countries in May 2024: the Netherlands
(n=17), the United Kingdom (n=7), Denmark (n=9), and
Switzerland (n=1). This study was previously described in a
protocol paper [29]. Each site recruited patients over a single
day between 8 AM and 10 PM.

Ethical Considerations
Ethical approval was obtained from the Medical Ethical
Assessment Committee (MECC-2022-0795) of the Erasmus
University Medical Center, Rotterdam, the Netherlands, and
the London–Harrow Research Ethics Committee, Bristol, United
Kingdom (IRAS 321129). Approval for all other study sites
was acquired in accordance with national and local regulations.
All patients gave written informed consent to participate in the
study. All collected data were pseudonymized before data
analysis.

Participants
All patients presenting to ED, AMU, or SDEC were screened
for inclusion and exclusion criteria and asked about their use
of monitoring devices. Inclusion criteria were ≥18 years, having
a device (smartphone or smartwatch) capable of measuring
resting heart rate or step count, and the ability to provide
informed consent. Patients were excluded for presentation with
trauma or clinical instability, as determined by the treating
physician. Written informed consent was obtained by trained
investigators. Researchers collaborated with patients to complete
questionnaires, after which physiological data were extracted
from the patients’ devices.

Variables
Patient variables included gender, age groups (18‐30, 31‐50,
51‐65, and 65+ years), educational attainment, digital literacy,
and device brand and type. The resting, maximum, and
minimum heart rates were collected from the patient’s device
for 4 time points: 30 days, 7 days, 1 day before the hospital
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visit, and on the day of admission. In addition, the heart rate
measured at presentation to hospital was extracted from the
patient’s clinical record. Step count data were collected from
the patient’s device for 9 time periods: 30 days, the preceding
7 days before the hospital visit, and the day of the visit. As
changes in step count fluctuate more, we chose to collect these
on more time points than heart rate. For either heart rate or step
count, a minimum of two time points had to be available for
data analysis. Additionally, the value of the NEWS, the Clinical
Frailty Scale (CFS) [30], and a standardized assessment of gait
were recorded. Follow-up data collected up to 7 days after
presentation included the date of visit, disposition (admission
to hospital or discharge), admission to intensive care or high
care areas, death, and discharge, if applicable. Patients were
followed up over a period of up to 7 days.

Study Size
Due to the lack of published data on the frequency distribution
of the relevant parameters in the hospitalized population, a
formal sample size calculation was not feasible. We estimated
that around 200 patients with smart devices and the
corresponding data would be recruited based on the number of
sites, the average amount of patients visiting the ED daily, and
the percentage of people with a smart device [18,19,31]. This
cohort size was considered representative in providing data with
high external validity.

Statistical Methods
The primary outcome was feasibility, which was defined as
having a smart device with heart rate or step count data recorded
on at least twice between 30 days (baseline) before and on the
day of admission, enabling trend analysis, and measured as the
percentage of patients with an acute care visit. Patient

characteristics were reported as absolute numbers per category
or subcategory for the total patient population, discharged
patients, and admitted patients. Variables were assessed for
normal distribution. The heart rate and step count data were
compared for their respective mean or median for the different
time points. Heart rate changes were also assessed relative to
baseline. Both were tested for significant interaction between
time, disposition, and change in either heart rate or step count
using a generalized linear model (GLM). To further assess the
effect of time on change in heart rate and step count, a
generalized linear mixed model (GLMM) with binomial
distribution and random effects for country and hospital was
conducted. Data were collected and safely stored using Castor
EDC [32] and analyzed using SPSS (version 28, IBM Statistics).
Statistical significance was defined at α=.05.

Results

Feasibility
A total of 1137 patient cases were screened for this study (Figure
1). Of these, 685 were excluded for the following reasons: not
having a smart device, not having their device with them during
presentation to the hospital, not measuring health data with the
smart device, and not having worn their device in the previous
days due to illness. A total of 243 patients were excluded
because of having insufficient amount of data, and 209 (18%)
patients formed the core group for further analysis. Among these
patients, 89 (43%) used a smartwatch (in combination with a
smartphone) and 120 (57%) only used their smartphone
(Multimedia Appendix 1). Heart rate data were recorded in 84
(40%) patients, and step count data were available in 207 (99%)
patients.

Figure 1. Flowchart of the included patients.
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Characteristics of Subjects
We included a total of 209 patients who had either a smartwatch
or smartphone that measured heart rate or step count in the week
prior to their visit (Table 1). Distribution between male and
female patients was equal. Most included patients were aged
under 65 years, had attained higher education, and were
confident in the usage of internet and applications. The

overwhelming majority of the patients had low NEWS scores,
low frailty scores, and normal gait. In terms of patient
disposition, 75 (36%) patients were admitted and 126 (60%)
were discharged, and for 8 (4%) patients, the outcome was
unknown. Follow-up data showed that no patients died, 3 were
admitted to the intensive care unit, and 122 were discharged
within 7 days.
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Table . Characteristics of included patients.

Discharged (n=126, 60%), n (%)Admitted (n=75, 36%), n (%)All (n=209), n (%)Characteristics

Gender

65 (52)41 (55)109 (52)Female

61 (48)34 (45)100 (48)Male

Age group

23 (18)14 (19)37 (18)18‐30 y

38 (30)14 (19)54 (26)31‐50 y

37 (29)25 (33)65 (31)51‐65 y

28 (22)22 (29)53 (25)65+ y

Educational attainment

7 (6)7 (9)15 (7)Primary school

39 (31)24 (32)68 (33)Secondary school

80 (63)42 (56)124 (59)Higher education

0 (0)2 (3)2 (1)Unknown

Confidence in internet usage

80 (63)41 (55)125 (59)Very

35 (28)27 (36)65 (31)Fairly

7 (6)2 (3)10 (5)Unsure

3 (2)3 (4)6 (3)Not very

1 (1)2 (3)3 (1)Not at all

Confidence in app usage

85 (67)43 (57)131 (63)Very

30 (24)24 (32)59 (28)Fairly

6 (5)4 (5)10 (5)Unsure

3 (2)3 (4)6 (3)Not very

1 (1)1 (1)2 (1)Not at all

1 (1)0 (0)1 (0)Unknown

National early warning score

115 (91)57 (76)178 (85)Low (0‐2)

8 (6)18 (24)27 (13)High (3+)

3 (2)0 (0)4 (2)Unknown

Clinical Frailty Scale

104 (83)44 (59)152 (73)1-2

22 (17)31 (41)57 (27)3+

Normal gait

117 (93)63 (84)187 (89)Yes

7 (6)9 (12)17 (8)No

2 (2)3 (4)5 (2)Unknown

Change in Heart Rate and Step Count
The mean resting heart rate increased over the 30 days preceding
hospital attendance in all patient groups, including both admitted
and discharged patients (Figure 2, Multimedia Appendix 2).
Patients who were admitted had a higher mean resting heart rate

than those who were discharged. The GLM showed a significant
change in the mean resting heart rate over time (P<.001), but
there was no significant interaction between time and patient
disposition (P=.23). The GLMM correctly classified 85%
(51/60) of cases, with higher accuracy for discharge (38/40,
95%) than for admission (13/20, 65%). Among the predictors,
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only the mean resting heart rate on the day prior to presentation
was significantly associated with patient disposition (β=–.083,
SE=.038, P=.035). A higher resting heart rate on the day before
an acute care visit was linked to a lower likelihood of admission
(odds ratio 0.92 per beats per minute [bpm], 95% CI
0.85‐0.99). Mean resting heart rate at 1 month (P=.66), 1 week
(P=.23), on the day of presentation (P>.99), and during

admission (P=.92) was not significantly associated with
disposition. The percentage increase in the mean resting heart
rate from baseline prior to hospital admittance was greater in
admitted patients than in those who were discharged (Figure
3). In contrast, patients discharged after an acute care visit
exhibited the highest percentile change in the mean resting heart
rate.

Figure 2. Change in mean heart rate in days before an acute care visit. bpm: beats per minute; ED: emergency department.

Figure 3. Percentile change in mean heart rate in days before an acute care visit.

The median step count decreased over the 30 days leading up
to hospital presentation in both patient groups (Figure 4,

Multimedia Appendix 3). The GLM showed a significant change
in median step count over time (P<.001) but no significant
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interaction between time and disposition (P=.10). The GLMM
correctly classified 82% (112/136) of cases, with higher
accuracy for discharge (83/88, 94%) than admission (29/48,
60%) patients. Among the predictors, only median step count
on the day prior to presentation was significantly associated
with disposition (β≈.0001, SE≈0.00009, P=.04). A lower median

step count on the day before hospital presentation predicted an
increased likelihood of admission (odds ratio=0.90 per 1000
steps, 95% CI 0.82‐1.00). Median step counts at 30 (P=.43),
7 (P=.78), 6 (P=.74), 5 (P=.84), 4 (P=.22), 3 (P=.11), and 2
days (P=.18) prior to hospital presentation were not significantly
associated with disposition.

Figure 4. Change in median step count in days before an acute care visit.

Discussion

Key Results
This study found that 40% of patients with an acute care visit
had a smart device. In only 50% of the included patients, heart
rate and step count data were available for trend analysis,
resulting in data available in 20% of the total cohort. Within
these patients, a significant increase in heart rate and a decrease
in step count were observed several days before they sought
emergency care.

Interpretation

Feasibility
Feasibility was defined as having a smart device with heart rate
or step count data recorded at least twice between 30 days
(baseline) before and on the day of admission, enabling trend
analysis, and measured as the percentage of patients with an
acute care visit (ED, AMU, or SDEC). Device ownership, and
thus feasibility, was lower in our study compared to reported
daily use in the community (smartphone, 18% vs 90%;
smartwatch, 8% vs 49%) [18,33-35]. We attribute this difference
to two causes. First, the ED population is not representative of
the general population. Patients who are at higher risk of
requiring acute care are often older and from lower
socioeconomic backgrounds [36,37], which contributes to lower
device ownership [35]. Second, 40% had a smart device that

measured heart rate and 99% had one that measured step count,
leaving part of the potential value of health monitoring apps
unused. This is more commonly seen in older patients [38].
Additionally, we excluded patients who did not have their smart
device with them or had insufficient data (54%). Both were
categorized as having no smart device. Nevertheless, in patients
who used their smart device, the results demonstrated the
potential clinical value of smart device recording of heart rate
and step count data for assessing disease severity and rate of
deterioration. These findings show that society is still a long
way from converting care from analog to digital, but that the
trend is slowly setting in.

Change in Heart Rate and Step Count
Changes in both step count and heart rate are associated with
clinical deterioration [39,40]. In our study, we found that
variations in these metrics on the day prior to an acute care visit
significantly predicted patient disposition.

Interestingly, in our population, a greater increase in resting
heart rate was associated with a lower likelihood of hospital
admission. We hypothesize that this counterintuitive finding
may be explained by the pattern of percentile change in resting
heart rate (Figure 3). Discharged patients tended to exhibit a
brief, sharp increase, whereas admitted patients showed a more
gradual and prolonged rise. This difference may reflect
variations in autonomic regulation: healthier individuals—those
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ultimately discharged—could have greater heart rate variability
(HRV), allowing for more pronounced fluctuations. Although
HRV was not directly measured in our study, literature suggests
that higher HRV is associated with better health status and
resilience to stressors, potentially explaining the observed spike
in heart rate in discharged patients [41,42]. Though, it is
important to note that the group of discharged patients
maintained a lower overall mean resting heart rate compared to
those who were admitted.

Other studies have similarly demonstrated that changes in heart
rate are linked to illness severity and that failure to normalize
heart rate by the time of disposition is associated with worse
outcomes [1,41-45]. Furthermore, the mean resting heart rate
increased in both groups, although it remained within the normal
range defined by early warning scores such as NEWS.

Notably, heart rate measured by the patient’s device on the day
of the acute care visit and in the hospital during triage (ED,
AMU, or SDEC) showed an increase in both discharged (from
75 to 82 bpm) and admitted (from 79 to 88 bpm) patients. This
increase begins on day −1 and appears predictive of admission.
The rise may reflect acute physiological stress due to illness,
emotional stress associated with hospital visits, or differences
in measurement context. While discrepancies between
consumer-grade devices and hospital equipment could be a
factor, prior validation studies suggest that smartwatches and
activity trackers provide sufficiently accurate measurements
[46,47], making this explanation less likely.

The overall difference between admitted and discharged patients
highlights a substantial disparity in general physical fitness
between the 2 groups. Compared to discharged patients, those
who were admitted had a significantly lower overall median
step count, with a further decline beginning 2 days prior to the
acute care visit. This pattern may enable the identification of
patients at risk of admission as early as a day before
presentation. These findings support previous findings that
physical activity, including step count, tends to decline as
patients become more acutely ill [3,48,49].

These findings underscore the importance of using
individualized baselines and relative changes as reference points,
highlighting the potential of personalized medicine.

Study Population
Our final study population was reflective of the general acute
care population for both age and gender but reported a higher
level of education [50]. Higher education usually corresponds
with a higher socioeconomic class, and a higher socioeconomic
class has a lowered risk of acute care visits and poor health
outcomes [36,37]. Furthermore, our population was confident
in the usage of both the internet and applications, indicating
strong digital health literacy [51]. This is most likely because
a higher education is associated with a higher digital health
literacy [52]. The included patients had mostly low NEWS,
CFS, and normal gait. This indicates that our participants were
relatively healthy compared to the average acute care population.
This is supported by a recent European study showing that 40%
of older people using the emergency care had CFS 5+ [53].
Furthermore, many patients these days visit the ED for acute

complaints of chronic diseases, demonstrating the increasing
fragility of the ED population [54]. Based on our findings, it
seems the patients who would potentially benefit the most from
digital health monitoring do not use it, as opposed to the
relatively healthy patients who already use it. In summary, we
included a group of patients from a high socioeconomic class
in relatively good health, which is not consistent with the general
population of acute patients.

Strengths and Limitations
The major strength is the generalizability of this point prevalence
study into the use of smart devices in Northwestern Europe,
including several countries, regions, and hospital settings.
Additionally, our study highlights the clinical value of
patient-held sensors and understanding patients’ own reference
value. This could be used to track a patient’s health remotely
and proactively (ie, monitoring individuals before they have an
acute illness and become patients) by both patients and health
care providers.

Our study had several limitations. First, by only including
patients who had a smart device and sufficient data, we created
a selection bias. We selected patients with higher education and
most likely a higher socioeconomic status, representing a
healthier population. However, we expect the underlying
pathophysiology to be unaffected by this selection. Second,
because of the flash mob research design and because we wanted
to minimize the workload for the participating centers, we chose
to collect only a limited number of parameters. Resting heart
rate between 6 and 2 days before an acute care visit, reason for
attendance, medication use, medical history, psychosocial
aspects, and ethnicity were not considered even though these
parameters could have provided more insight into which groups
of patients are being admitted. Finally, the sample size was
relatively small, making the subgroup analysis (eg, device type)
not feasible. The small sample size and selection bias toward
individuals with less compromised physiology may lead to the
underestimation of the changes before and on the day of contact
with the emergency services.

Future Perspectives
Proactive monitoring of health data in populations at high risk
of acute illness could enable earlier identification of
deteriorating health. Monitoring on a daily basis may help detect
subtle changes in vital signs or physical activity, allowing for
timely medical assessment in primary or ambulatory care
settings and potentially preventing a hospital visit. This strategy
is already recommended for atrial fibrillation detection by the
European Society of Cardiology guidelines 2024 [55]. This
benefit is potentially greatest for frail patients, but they are less
likely to use a smart device to monitor their health. In addition,
changes in vital signs may be more subtle in frail patients,
making it more difficult to detect changes. In fitter patients,
changes in heart rate and step count may be steeper, but as
shown in our study population, the theoretical benefit in a
nonselected population is limited. Overall, patients might be
encouraged to bring their smart devices with them to an acute
care visit, and clinicians might consider asking patients to look
at these smart devices, as information on recent heart rate and
step counts may be helpful, which can be used as a valid
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measurement of resting heart rate, as shown by several studies
[46,47]. Additionally, both users and manufacturers of smart
devices can help health care providers by expanding their reach.
Currently, users tend to be younger, more educated, and digitally
literate patients, while devices could show clinically valuable
trends for all. Both patients and professionals should be wary
of misdiagnosis or overdiagnosis. This study provides a
foundation for further research to help patients and clinicians
pick up early deterioration in health, which might attract interest
from tech companies and mobile application developers.
Furthermore, a targeted information campaign could be
considered, which should be aimed at high-risk patient groups.

Conclusions
Our study showed that it is feasible to use a patient’s own smart
device to measure vital signs in the days preceding an acute
care visit. We found a significant change in heart rate and step
count prior to presentation to hospital, where disposition can
be predicted using a patient’s own smart device data. These
smart devices are mostly used by younger and healthier patients
with higher educational attainment. The use of a patient’s own
smart devices for health monitoring in high-risk patient groups
is very limited.
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Abstract

Background: Cardiac surgeries in Chile lack a national registry for systematic data collection and analysis, limiting insights
into procedural outcomes and patient demographics. In response to this gap, we developed a web-based platform to support the
documentation of high-complexity cardiac surgeries.

Objective: This study aimed to design, develop, and implement a cardiac surgery data collection and analysis platform that
conforms to international standards to support clinical decision-making and research initiatives.

Methods: A web-based platform was developed using the model-view-controller architecture, incorporating input from health
care professionals and based on the fourth European Association for Cardio-Thoracic Surgery adult cardiac surgical database
report. The platform captures more than 160 clinical variables across 15 categories, spanning preoperative, intraoperative, and
postoperative stages.

Results: The most significant outcome of this study is the development of the first online platform for documenting cardiac
surgeries in Chile. Since its implementation in 2014, the platform has documented more than 4800 cardiac surgeries, establishing
it as the largest database for a single institution in Latin America. The platform offers real-time access to data, supports planning
and resource allocation, and enables the systematic evaluation of clinical outcomes. Integrating the European System for Cardiac
Operative Risk Evaluation II risk model enables a standardized assessment of mortality risk.

Conclusions: The platform contributes to the collection of cardiac surgery data in Chile, enabling evidence-based clinical
decision-making and informed public health planning. It has documented cardiac surgeries for 10 years and has become the
official registry tool for cardiac surgeries. By 2026, its application will be extended to 2 more centers, with the expectation that
it will soon become the national database of cardiac surgeries. Future developments should improve scalability, interoperability,
and data analysis to establish a national registry and further align Chilean cardiac surgery practices with international standards.

(JMIR Cardio 2025;9:e70147)   doi:10.2196/70147

KEYWORDS

cardiac surgery; health informatics; clinical registry; EuroSCORE II; Chile

Introduction

Integrating health information systems into clinical practice has
transformed cardiac surgery, establishing a basis for
evidence-based decision-making [1]. Electronic medical records,
easier access to clinical data, and statistical analysis tools have
improved the approaches to treating and managing various
cardiac conditions [2].

International scientific societies have recognized the importance
of standardized data collection and have developed electronic

databases to collect and analyze cardiac surgery outcomes. The
Society of Thoracic Surgeons database in the United States has
become the largest cardiac surgery registry in the world [3].
Other initiatives include the databases created by the Spanish
Society of Thoracic and Cardiovascular Surgery [4], the German
Society of Thoracic and Cardiovascular Surgery [5], the British
Society of Cardio-Thoracic Surgeons [6], the Australian and
New Zealand Society of Cardio-Thoracic Surgeons [7], and the
Japanese Society of Cardiovascular Surgery [8]. In Europe, the
European Association for Cardio-Thoracic Surgery (EACTS)
[9,10], with the support of the Society of Thoracic Surgeons,
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has also made significant contributions to the worldwide
network of cardiac surgery registries. These databases highlight
the importance of systematic registries in understanding the
epidemiology and outcomes of cardiac surgery [11].

In Chile, there is no national epidemiological registry or health
information system that systematically gathers data on cardiac
surgery and related procedures [11]. As a result, the actual
number of procedures performed, their short- and long-term
outcomes, and the demographic and clinical profiles of patients
remain largely unknown. This lack of structured data hampers
the objective evaluation of health interventions, limits follow-up
efforts, and restricts the development of evidence-based public
health policies. Consequently, decision-making in this field
often becomes reactive, lacking the necessary information to
assess impact or allocate resources efficiently and accurately.

To address these challenges, the first web-based cardiac surgery
registry platform in Chile has been developed and implemented.
Specifically designed to document highly complex cardiac
procedures, this initiative emerged from the joint efforts of the
Cardiac Surgery Service at Guillermo Grant Benavente Hospital,
the Department of Surgery at the University of Concepción,
and the Center for Simulation and Biomedical Informatics at
the Faculty of Medicine of the University of Talca. The primary
aim of this platform is to bridge the current data gap and

establish a robust foundation for enhancing surgical outcomes
in cardiac care nationwide.

Currently, Guillermo Grant Benavente Hospital is the only
center fully integrated into this electronic registry. In parallel,
formal discussions with the Ministry of Health are underway,
with a long-term vision of scaling this initiative into a
nationwide platform that can serve as the cornerstone for
monitoring quality, benchmarking outcomes, and guiding
clinical decision-making in Chilean cardiac surgery.

Methods

A standard software engineering methodology was used to
develop a platform for recording cardiac surgery and procedure
data [12]. Close collaboration with cardiology experts was
essential from the outset, with nurses and physicians playing a
key role in the iterative requirements-gathering process. The
platform’s scope, modules, and sections were defined through
a series of meetings at the Cardiac Surgery Registry (Table 1).
This collaborative approach, involving different clinical and IT
profiles such as cardiac surgeons, cardiologists, perfusionists,
nurses, and biomedical informatics specialists, resulted in a
detailed technical document that served as the basis for the
software’s development.
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Table . Summary of the requirements survey, with the main functional and nonfunctional requirements to be covered by the platform.

Detailed requirementsRequirementsModules

FunctionalPlatform administration • The system must implement user authoriza-
tion and authentication. User accounts must
have profiles within the platform according
to their roles in the medical process registry.
Each role should be associated with specific
privileges or functionalities.

• The platform should provide functionalities
to create, update, and delete user accounts,
manage hospital lists, and refer health care
services.

• Users can have different roles: administra-
tor, professional, or data logger.

FunctionalCardiac surgery registry • The system should be capable of storing
data related to complex cardiac surgeries
and procedures. The available input fields

should be based on the EACTSa dataset
modified to suit local requirements.

• The system should also automatically calcu-

late indicators such as EuroSCORE IIb to
support decision-making processes.

• Multilanguage (English and Spanish).

FunctionalPatients, institutions, and inventory • The system should securely store patient
data, ensuring anonymity, and avoiding
records.

• It should also store data related to personnel,
institutions, and equipment used during in-
terventions and patient monitoring.

• The recorded data must be interoperable,
allowing it to be shared with other platforms
in the ecosystem.

FunctionalReporting and data recovery • The system must allow the export of data
related to the procedures.

• It must be able to generate reports and visu-
alizations of the data recorded and the use
of the platform.

• Data retrieval and validation must be guar-
anteed.

NonfunctionalAll modules • Ease of use and simplicity are essential, es-
pecially for data entry associated with
surgeries or medical procedures and visual-
ization.

• Data security must be ensured with strong
authorization, authentication, and privacy
measures.

• Fail-safe mechanisms must be implemented
to ensure the accuracy of data capture and
prevent data loss or inconsistencies.

• The platform must support scalability and
data independence, allowing the addition
of new data categories without affecting
existing data or data capture processes.

• It must also facilitate seamless integration
with other platforms.

aEACTS: European Association for Cardio-Thoracic Surgery.
bEuroSCORE II: European System for Cardiac Operative Risk Evaluation.

The analysis of clinical requirements highlighted 2 essential
elements for the platform’s design and development. First, the
EACTS guidelines should be followed [13], considering the

clinical variables recorded in that database and adapting the
registry to local needs. Second, the platform should incorporate
automatic calculation of the European System for Cardiac
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Operative Risk Evaluation II (EuroSCORE II) mortality risk
indicator to support clinical decision-making processes [10,14].

Functional and Nonfunctional Requirements
The cardiac surgery registry is designed for health care
professionals to record and query data related to medical
procedures. Administrators manage the platform’s maintenance,
including user privileges and master tables. Both cardiac
surgeons and nurses who are part of the clinical procedural team
can enter data related to complex surgeries and procedures.
Surgeons are associated with specific guidelines and can review
the corresponding records from anywhere with an internet
connection.

A fundamental aspect is the security of sensitive data. A data
security layer is implemented that guarantees, in accordance

with national data protection legislation, the appropriate
authorization, authentication, and privacy of records.

The platform features multilevel user authentication, encrypted
connections (secure sockets layer and transport layer security)
[15], anonymization of patient identifiers, and storage on secure
servers with regular backups. Access is based on roles (surgeons,
nurses, and administrators) and is designed to restrict
unauthorized access to sensitive information.

Cardiac Surgery Clinical Sections
The types of cardiac surgeries included in the registry are as
follows: coronary artery bypass grafting (CABG), valve
surgeries (aortic, mitral, and tricuspid), and combined CABG
and valve procedures (Figure 1). In addition, extracorporeal
membrane oxygenation and heart transplants are being
implemented on a pilot basis.

Figure 1. Chart illustrating the distribution of procedures by type according to gender. CABG: coronary artery bypass grafting; ECMO: extracorporeal
membrane oxygenation; TAVI: transcatheter aortic valve implantation.

According to the surgeons’ and their teams’ requirements,
clinical sections were established for data collection on
cardiovascular surgeries. Key categories included patient
demographics, cardiovascular history, previous interventions,
preoperative risk factors, hemodynamics, and immediate status
before surgery. Detailed information on the procedure,
echocardiogram findings, and myocardial protective measures

was also documented, ensuring a thorough understanding of
the surgical and intraoperative contexts. Postoperative
complications, discharge outcomes, and long-term patient
follow-up were systematically tracked to assess recovery and
survival rates. All the above are based on the EACTS structure
[10], from which we derived our clinical sections (Table 2).
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Table . The platform will represent the main clinical sections.

DescriptionClinical section

Captures patient identification, admission specifics, health care service,
and the urgency of intervention

    Hospitalization details

Documents heart-related conditions such as angina, myocardial infarctions,
and congestive heart failure

    Cardiovascular history

Records prior surgeries, angioplasties, and their dates    Previous interventions

Assesses risks, including weight, smoking history, and preexisting medical
conditions

    Preoperative risk factors

Includes diagnostic metrics such as coronary vessel status and ejection
fraction

    Preoperative hemodynamics and catheterization

Notes presurgery interventions such as IV medications and mechanical
support

    Preoperative status and support

Provides surgical specifics, including type, urgency, and personnel involved    Operation details

If a coronary surgery was performed, it is registered here    Coronary surgery

Stenosis, insufficiency, explant type, and other data are registered for valve
surgery (aortic, mitral, tricuspid, and pulmonary)

    Valve surgery

Records imaging results, focusing on valve conditions and ventricular
measurements

    Echocardiogram

Other cardiac and noncardiac procedures relevant to the operation are
recorded here

    Other procedures

Describes intraoperative techniques to protect the heart    Perfusion and myocardial protection

Tracks complications such as reoperations and system failures    Postoperative complications

Summarizes outcomes, including discharge status or causes of death    Discharge details

Documents postdischarge events to evaluate long-term outcomes and
mortality

    Patient monitoring

The clinical sections with all their variables are important for
patient follow-up. Follow-up is standardized at discharge, 30
days after surgery, and 1 year after surgery. Additional follow-up
points are added if adverse events occur.

Responsibility for data entry is defined a priori. Data will be
entered primarily by surgical nurses and residents during the
perioperative care period. Surgeons validate and sign off on
each procedure. A registry coordinator (specialist nurse)
supervises to ensure completeness. The role of records
coordinator is responsible for monitoring the quality of the data
entered and the completeness of the record.

By integrating data from all these categories, the study provides
valuable insights into factors influencing surgical outcomes,
thereby enhancing our understanding of patient risk profiles
and the efficacy of interventions (Multimedia Appendix 1).
Minimum dataset for the EACTS-based cardiac surgery registry.

Software Architecture Design
A web platform based on model-view-controller architecture
was developed to ensure modularity, scalability, and ease of
maintenance [16]. MySQL 5.6 [17] was used for data
persistence, and PHP 5.4 [18] was used to implement the
controller and model layers, facilitating efficient server-side
scripting and database interaction [19]. The display layer was
built using HTML, CSS, JavaScript, and Bootstrap 3, ensuring
a dynamic and user-friendly interface with an adaptive design
for accessibility across various devices (Figure 2) [20].

The development process began with the design of the database
model, followed by the implementation of the server-side
components, including security protocols. Responsiveness and
usability were prioritized in the client interface. After initial
development, a 6-month beta testing phase was conducted at
the Guillermo Grant Benavente Hospital in Concepción, a
leading cardiology center in Chile. The results of this phase
served as a guide to refine the platform and prepare it for
production deployment.
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Figure 2. Model-View-Controller architecture for the cardiac surgery platform.

Hospital Inclusion Criteria
The platform is currently being used at Guillermo Grant
Benavente Hospital in Concepción, Chile. To increase coverage
and include more centers, the following inclusion criteria must
be satisfied.

• Perform high-complexity cardiac surgeries.
• Have dedicated surgical teams with stable caseloads.
• Commit to institutional agreements ensuring data quality,

anonymization, and adherence to ethical and legal
requirements.

Ethical Considerations
The project and use of the registry were reviewed and approved
by the Scientific Ethics Committee of the Faculty of Medicine

at Universidad de Concepción (CEC 16/2024). For the purpose
of this paper, all data were anonymized.

Results

Overview
We created a web platform for systematically recording clinical
data from adult cardiac surgeries at the main hospital in
south-central Chile (Figure 3). The platform enables efficient
data storage, management, querying, and visualization. Since
its launch in 2014, it has become the most important registry
of complex cardiac procedures in Chile and Latin America [14],
documenting more than 4800 surgeries in the past decade
(Figure 3), considering 54% (2592/4800) CABG, 34%
(1632/4800) valve surgeries, and 12% (576/4800) other complex
procedures.
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Figure 3. Screenshot of the cardiac surgery registry section. The platform facilitates the registration and management of cardiac surgeries performed
on patients from various locations in south-central Chile.

The platform is accessible from anywhere with an internet
connection and is compatible with various devices, including
desktop computers and mobile devices. Its bilingual interface,
available in both Spanish and English, ensures accessibility to
a wide range of users. Aggregated datasets for advanced
analysis, supporting clinical operations. A module dedicated to
“Statistics and Graphs” provides predefined reports for
immediate use (Figure 1). At the same time, an integrated export
tool allows users to extract data.

The platform is designed to capture more than 160 structured
data points spanning preoperative, intraoperative, and
postoperative stages, categorized into 15 sections for
comprehensive data collection and streamlined analysis (Figure
4). These sections include patient demographics, preoperative
conditions, risk factors, procedural details, postoperative
outcomes, discharge information, and follow-up data (Table 2
and Multimedia Appendix 1).

The preoperative stage begins with the hospitalization section,
which records patient identifiers and procedural details. The
cardiovascular history section captures previous conditions,
such as angina and heart failure, while the previous interventions
section documents earlier angioplasties and surgeries. Sections
on risk factors, hemodynamics, and catheterization status support
and detail comorbidities, clinical status, and supportive
measures.

The intraoperative section records details of the intervention,
including the participating professionals, the reasons for surgery,
and the types of procedures performed. Specialized sections for
coronary, valve, and echocardiograms provide specific insights,
while additional sections cover cardiac and noncardiac
procedures, as well as myocardial protection.

The postoperative complications section captures postoperative
data, discharge details, patient monitoring, and follow-ups. This
structured design ensures standardized and detailed data
collection, supporting clinical operations and research initiatives.
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Figure 4. Screenshot of information recording sections from any internet-connected device.

The EuroSCORE II Module
The EuroSCORE II is a risk prediction model used to estimate
the probability of mortality in patients undergoing cardiac
surgery [21]. It was developed as an updated version of the
original EuroSCORE to reflect contemporary clinical practices
and improve accuracy. Widely used in clinical and research
settings, EuroSCORE II helps health care professionals assess

surgical risks, guide decision-making, and benchmark
institutional performance [9,21].

The indicator is derived from factors grouped into 3 main
categories: patient-related factors, cardiac-related factors, and
operation-related factors (Figure 5). Each factor is assigned a
predefined score based on acceptable values, which contributes
to the overall risk assessment.
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Figure 5. Screenshot of the European System for Cardiac Operative Risk Evaluation II module that emphasizes how each factor contributes to the total
risk score. CABG: coronary artery bypass grafting; CCS: Canadian Cardiovascular Society; EuroSCORE II: European System for Cardiac Operative
Risk Evaluation; LV: left ventricle; LVEF: left ventricular ejection fraction, MI: myocardial infarction; NYHA: New York Heart Association.

To determine the final EuroSCORE II value, all individual
scores are summed and applied to a logistic function, which
adjusts the raw score into a risk percentage. This process
provides an accurate and standardized surgical risk assessment,
aiding clinical decision-making and patient counseling.

Each factor is assigned a predefined weight or coefficient based
on its relative impact on mortality risk, as determined through
large-scale statistical analysis. For example, age contributes
progressively higher weights as it increases beyond 60 years,
and pre-existing conditions such as renal dysfunction or severe
comorbidities significantly increase the risk score.

The cumulative score is then calculated by summing the
weighted contributions of all factors. This total score is applied
to a logistic regression formula to translate it into a percentage
probability of mortality:

ES II %=eβ0+β1x1+β2x2+…+βnxn1+eβ0+β1x1+β2x2+…+βnxn×100%

Where:

• e is the base of the natural logarithm
• β0 is the intercept term.
• β1,β2,β3….βn are the regression coefficients for each

factor.
• x1,x2,x3….xn are the weighted values of the patient’s

factors (Figure 5).

Discussion

Principal Findings
We present a proposal for the systematic registration and
analysis of cardiac surgeries in Chile, aiming to collect clinical
data and stratify risk. To address this, we developed a web
platform tailored to local needs, offering an intuitive and
user-friendly tool. In addition, the platform’s alignment with
international standards, such as the EACTS guidelines, and the
integration of the EuroSCORE II risk model underscore its
potential to support both clinical and research applications.

Currently, the registry is implemented and actively used at
Guillermo Grant Benavente Hospital, one of the largest reference
centers in Chile. Nevertheless, formal agreements are underway
with 2 additional cardiac surgery centers (Hospital San Juan de
Dios de Curicó and Hospital Clínico Regional de Antofagasta)
to expand its use starting in 2025. The long-term vision,
discussed with the Ministry of Health, is to scale it as a national
platform.

Platform Implementation and Usability
The platform successfully implemented more than 160 data
points, structured across 15 clinical sections, distributed among
preoperative, intraoperative, and postoperative variables. Its
modular and scalable architecture facilitated integration into
clinical workflows while ensuring accessibility through a
bilingual interface compatible with various devices. These
features have been instrumental in promoting its adoption and
ease of use by health care professionals in multiple settings.
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Future Work for the Platform and Risk Assessment
Future development should incorporate artificial intelligence
algorithms and advanced statistical methodologies to enhance
the platform’s impact and improve the accuracy of current risk
models [22]. These approaches could improve the predictive
accuracy of risk assessments by accommodating complex,
nonlinear relationships between variables. In addition, expanding
the platform’s interoperability with other health information
systems would facilitate broader data sharing and benchmarking,
thereby aligning local practices with international standards.
Additional efforts should be made to engage users in continuous
feedback loops to refine the platform’s functionality and
usability.

The implementation of this platform helps address the challenges
associated with fragmented data and limited risk stratification
capabilities in Chile. With 4800 records, it is currently the most
significant database (considering only 1 center) in Chile and
Latin America [1,14].

The collection of data and calculation of the EuroSCORE II
will allow the validation of this risk scale in a Latin American
population. The differences that can be observed would
eventually allow this scale to be adjusted or calibrated to this
population. Using a risk scale adjusted to the population to
which it is applied will enable better clinical decision-making
for our patients.

Based on recent discussions with the Chilean Ministry of Health,
it can be extended to the rest of the country, enabling
standardized and centralized data collection and laying the
foundation for evidence-based improvements in surgical quality
and patient safety [2,11]. In addition, risk models such as
EuroSCORE II should be recalibrated for the Chilean population
to provide accurate and actionable information for informed
clinical decision-making.

Conclusions
This study presents the first Chilean web-based platform for
collecting cardiac surgery data, addressing the need for
systematic documentation of highly complex procedures. The
platform has registered more than 4800 surgeries, encompassing
160 clinical variables. This registry aims to support detailed
data analysis and improve surgical planning, resource allocation,
and risk assessment by integrating the EuroSCORE II module.

The proposed registry platform is a substantial contribution to
clinical centers, and future efforts should focus on improving
interoperability and integrating advanced analytics to enable
scalability on a national scale.

This initiative demonstrates the potential of biomedical
informatics, particularly electronic registry systems, to improve
health outcomes, align with international standards, and inform
evidence-based public health policies in Chile.
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Abstract

Background: Effective hypertension management, particularly through self-care strategies, remains a significant public health
challenge. Despite widespread awareness, only approximately 1 in 5 adults achieves adequate blood pressure (BP) control. There
is a growing need for scalable digital health interventions that enhance awareness, support behavioral change, and improve clinical
outcomes. However, real-world evidence evaluating the impact of such interventions on BP levels and their underlying mechanisms
is limited.

Objective: This study aimed to evaluate the effectiveness of a digital intervention using data-driven nudges on monthly average
BP levels. Specifically, we assessed changes in BP before and after the intervention and examined whether these changes differed
compared to a control group in a high BP cohort and a normal BP cohort.

Methods: In this retrospective, real-world cohort study, we analyzed two user cohorts from a digital health platform: (1)
individuals with high BP readings and (2) individuals with normal BP readings. Participants who received a digital intervention
were propensity score–matched to users who did not receive the intervention, based on demographic and clinical variables.
Monthly average BP and the proportion of high readings were assessed 3 months before and after the intervention. A piecewise
mixed-effects model was used to evaluate BP trajectories, and simple slope analysis assessed the interaction between the outcomes
and the groups, as well as the moderating effect of lifestyle activities on systolic blood pressure (SBP).

Results: In total, 408 users were included in the study. In the high BP cohort (n=296), the intervention group showed a significant
decrease in the monthly average SBP after the intervention (B=–2.09; P<.001), while the control group showed a smaller reduction
(B=–1.06; P=.007). Additionally, users reporting higher lifestyle activity levels experienced a greater reduction in SBP (B=–5.27;
P<.001). In the normal BP cohort (n=112), the intervention group maintained stable BP levels after the intervention (B=–0.39;
P=.27), while the control group exhibited a significant increase in BP levels (B=0.69; P=.03).

Conclusions: Data-driven nudges delivered via a digital health platform were associated with improved BP outcomes among
individuals with high BP levels and helped maintain BP stability among those with normal BP levels. These findings reinforce
the integration of personalized digital interventions into hypertension management and highlight the potential role of positive
messaging, behavioral engagement, and user empowerment in improving long-term outcomes.

(JMIR Cardio 2025;9:e76275)   doi:10.2196/76275
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Introduction

High blood pressure (BP) is a major public health challenge
[1], but it has also been identified as the leading preventable
risk factor for premature death [2]. Hypertension has been
diagnosed in approximately 1.4 billion (31%) adults aged 30 to
79 years worldwide [3] and 108 million adults in the United
States [4]. The prevalence of hypertension is rising globally

owing to the aging of the population and an increase in the
exposure to lifestyle risk factors [3] such as an unhealthy diet
and sedentary lifestyle [5]. Additionally, the implementation of
new guidelines in 2017, which lowered the diagnostic threshold
for hypertension to systolic blood pressure (SBP) ≥130 mm Hg
and diastolic blood pressure (DBP) ≥90 mm Hg [6], has led to
more people being classified as hypertensive.
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In addition, high BP is controlled in only about 1 in 5 adults
(21%) [7,8], defined as maintaining SBP below 140 mm Hg
and DBP below 90 mm Hg, according to the Joint National
Committee (JNC7) guidelines. Furthermore, there are substantial
disparities in disease awareness, treatment, and control across
different racial and ethnic groups in the United States [9]. Many
factors contribute to these inequalities, such as health literacy,
socioeconomic status, reduced access to healthy foods, and
health literacy [9]. These disparities impact the overall burden
of hypertension in the United States and highlight the need for
health care strategies to address hypertension across all
populations.

Hypertension is a chronic condition that fluctuates over time,
with periods of stability interrupted by episodes of elevated
pressure. This variability is one of the reasons why hypertension
is so challenging to manage. Users may experience fluctuations
that complicate diagnosis and long-term management [10].
Monitoring BP regularly is key to minimizing these ups and
downs and helping prevent the complications associated with
chronic hypertension [11,12].

Treatment and management of hypertension are critically
important for the reduction of cardiovascular complications and
for the prevention of consequent diseases [13,14]. Despite the
proven efficacy of pharmacological treatments [15] and the
effectiveness of the variety of nonpharmacological interventions
in lowering BP [16], poor BP control remains a pervasive
problem. Suboptimal adherence, characterized by the failure to
initiate treatment and to persist in therapy in the long term, is
a well-recognized factor contributing to the inadequate control
of BP in hypertension [17]. Studies have shown that low
adherence is associated with reduced therapeutic success,
reduced quality of life, and higher treatment costs [18].

Numerous factors can influence adherence in users with
hypertension, including older age, lower education levels,
potential medication side effects, and insufficient guidance from
health care professionals [19]. Additionally, low adherence may
stem from the common misconception among users that
medication is unnecessary, as hypertension often presents
without symptoms [19]. This highlights the importance of user
education in managing hypertension, as it empowers them to
make informed choices and effectively control risk factors,
which can ultimately improve long-term health outcomes.

Health technology has created new opportunities to improve
the management and treatment of chronic conditions like
hypertension [20], particularly after the COVID-19 pandemic.
Self-management education and support have been widely used
as strategies aiming to provide users with the appropriate health
literacy and skills for the effective, long-term control of
hypertension [21]. In recent years, due to the fact that 86% of
the global population has access to a smartphone, digital
interventions allow a more convenient and accessible form of
health care delivery, resulting in effective hypertension
self-management [21].

Several studies have assessed the benefits of mobile health
(mHealth) in promoting BP self-management and its
effectiveness in managing other cardiometabolic conditions
[17,22,23]. Digital tools provide a promising, cost-effective,

and scalable solution to improve and sustain hypertension
outcomes on a large scale. Meta-analyses have demonstrated
that mHealth interventions not only reduce BP but also increase
the reach, uptake, and feasibility of hypertension management
[21]. Digital solutions for hypertension must be evidence-based
and effective to reduce its impact on global noncommunicable
diseases [24].

Progress in mHealth technology has enabled the design of
just-in-time adaptive interventions (JITAIs) [25]. JITAIs have
emerged as impactful approaches, providing support for
behavior change and hypertension monitoring [26]. This type
of intervention enables the delivery of real-time support and
provides personalized contextual feedback. Despite the
significant advancements in technology and the appeal of
JITAIs, many programs have been developed with little
empirical evidence, and research has been limited by a lack of
evidence regarding effectiveness and sustained engagement
[25,26].

Our study performed a retrospective analysis of a digital health
platform for hypertension management by integrating a
home-use BP-monitoring system with comprehensive data
captured through a supportive mobile app for individuals with
normal and poorly controlled BP levels. The study aimed to
assess how a BP digital intervention with data-driven nudges
would influence monthly average BP levels, with measurements
of BP 3 months before and after the nudges. We hypothesized
that prior to the delivery of the nudges, the 2 groups would
exhibit similar BP levels. However, following the delivery of
the nudges, the groups would show distinct trajectories in their
BP levels. Specifically, we expected that the group receiving
the nudges would demonstrate a greater reduction in their BP
compared to the group not receiving the nudges. By analyzing
the 2-stage period, we aimed to gain a comprehensive
understanding of the impact of educative messages and positive
feedback, assessing whether changes occurred between the pre-
and postintervention phases and whether these changes differed
between the 2 groups.

Methods

Platform
This study used the Dario Health digital health platform to
support the self-management of hypertension within the context
of chronic cardiometabolic conditions. The Dario BP monitoring
system combines a connected BP monitor with a mobile app
(compatible with both Android and iOS devices). The
BP-monitoring system measures the SBP, DBP, and pulse rate
by using a noninvasive technique in which an inflatable cuff is
wrapped around the upper arm. Viewing both pulse rate and BP
provides a more comprehensive picture of cardiovascular health.
These 2 metrics can impact each other in different ways and
offer valuable insights into a user’s overall cardiovascular health.
For example, an unexpected combination of high or low readings
can be a key indicator of underlying health issues. Similarly, a
normal BP paired with a low resting pulse rate often indicates
strong cardiovascular fitness [27,28]. The BP-monitoring system
uses Bluetooth. The BP cuff is paired with the mobile app, and
the data are transmitted to the smart mobile device via Bluetooth,
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ensuring real-time feedback and 100% data capture. The BP
reading is displayed on the mobile app screen. The immediate
display of measurements on the smartphone interface supports
timely decision-making and enhances engagement.

Users can input additional data at the time of measurement,
such as the arm used, recent activities (eg, smoking, caffeine
intake, and physical activity), and symptoms (eg, stress,
dizziness, and headache). This information is securely stored
in a digital logbook, with automatic cloud backup enabling
further analysis and clinical interventions tailored to individual
needs.

The platform’s data-driven approach uses real-time nudges
designed to improve health outcomes. These messages provide
personalized feedback and educational inputs based on BP
thresholds aligned with American Heart Association (AHA)
guidelines, which provide standardized targets for BP
management across all nonpregnant adults, regardless of age
or gender [29]. Personalization is achieved through dynamic
tailoring of messages based on each user’s clinical profile and
real-time data trends. The system analyzes users’ longitudinal
BP patterns and identifies trends, delivering in-app notifications,
push messages, emails, and SMS text message alerts with
actionable insights. When BP readings indicate specific trends,
users receive targeted educational content, motivational
messages, and behavioral prompts to encourage adherence to
health goals and increase platform engagement. Specifically,
the system analyzes users’ BP patterns to identify meaningful
changes or persistently elevated readings. Messages are then

customized according to these trends, offering feedback relevant
to the user’s current status, such as positive reinforcement for
sustained control or motivational nudges when elevated values
are detected. For example, a user with persistently high SBP
readings may receive targeted lifestyle suggestions (eg, sodium
reduction and physical activity prompts), while a user
demonstrating improvement may receive encouraging messages
reinforcing adherence.

Three independent readings over 3 individual days
(nonconsecutive) within a 7-day period will trigger a digital
intervention, except for a hypertensive crisis, which causes a
trigger for each event. The BP levels embedded in the system
are similar to those defined by the AHA [29]: normal BP, SBP
<120 mm Hg and DBP <80 mm Hg; elevated BP, SBP
120‐129 mm Hg and DBP <80 mm Hg; hypertension stage 1,
SBP 130‐139 mm Hg or DBP 80‐89 mm Hg; hypertension
stage 2: SBP ≥140 mm Hg or DBP ≥90 mm Hg; and
hypertensive crisis, SBP >180 mm Hg and/or DBP >120 mm
Hg.

For normal BP clusters, motivational feedback was delivered
via SMS text messages and in-app messages encouraging the
user to keep measuring their BP to stay on target. The nudges
triggered by normal BP levels included the following: “Well
done! Your BP is looking good,” “Good news. Your blood
pressure looks good,” “Keep measuring with Dario to be sure
you stay on target!,” and “Your BP is looking great.” A
representative message is presented in Figure 1.

Figure 1. Representative intervention message delivered via the Dario app following normal blood pressure readings.

For stage 1 hypertension, users received informational push
notifications, SMS text messages, and educational articles
through cluster events. Messaging was nonjudgmental in tone
and included the following: “Your blood pressure readings are
higher than normal, according to your numbers in the Dario
App. Are you measuring correctly? Review the steps for
measuring at home,” “Have you heard about the DASH diet?

Link to DASH ref Learn more about the diet plan that has been
found to help lower blood pressure,” and “Recent measurements
show that your blood pressure is still higher than normal. If
you’re taking your blood pressure medication as directed, it’s
time to schedule a medication review. Want to make sure you
are taking your medications correctly? Review a list of things
you need to know.”
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Educational topics were based on current hypertension
management guidelines that recommend, as an integral part of
ongoing treatment, the adoption of lifestyle modifications,
including a healthy diet, independently of the underlying
antihypertensive drug treatment [29]. Research has provided
lifestyle recommendations, including a low-sodium,
increased-potassium, low-fat diet; maintenance of appropriate
body weight; alcohol use reduction; smoking cessation;
increased physical activity; and stress reduction [30]. The
average impact of each lifestyle change is a decrease of 4‐5
mm Hg in SBP and a decrease of 2‐4 mm Hg in DBP;
however, a diet low in sodium, saturated fat, and total fat and
an increase in the consumption of fruits, vegetables, and grains
may decrease SBP by approximately 11 mm Hg [29].
Educational content includes general information on the meaning
of BP values, the adoption of a healthy lifestyle or diet, and
adherence to medication. Lifestyle changes include moving
toward a healthy body weight, performing physical activity of
30 minutes a day, eating a heart-healthy diet, reducing alcohol
consumption, quitting smoking, managing stress, and regularly
monitoring BP [31].

DASH (Dietary Approaches to Stop Hypertension) studies have
shown that diets rich in fruits and vegetables and low in
saturated and total fats can both lower the risk of high BP and
assist with BP control in people with hypertension. Vegetables

and fruits account for approximately half of the BP-lowering
effect of the diet. Foods in the DASH diet are rich in minerals
such as potassium, calcium, and magnesium. The diet limits
foods that are high in sodium. It also limits added sugar and
saturated fat, such as that in fatty meats and full-fat dairy
products. The standard DASH diet limits salt intake to 2300 mg
a day. This amount agrees with the Dietary Guidelines for
Americans [32]. A lower-sodium version of the DASH diet
restricts sodium to 1500 mg a day. Restricting sodium intake
can enhance the BP-lowering effect. While the DASH diet can
reduce SBP by 5‐6 mm Hg, individuals eating the DASH diet
in combination with the lowest sodium intake have been reported
to achieve a further BP decrease of 7.1 mm Hg [33]. Compliance
with prescribed therapies is a pivotal factor in treatment success.
According to the World Health Organization, medication
adherence can have a more direct impact on clinical outcomes
than the specific treatment itself. Multiple factors contribute to
adherence levels, stemming from individual, provider, and health
care system elements, which often interact with each other. In
the United States, only 51% of users adhere to their medication
regimen for high BP [34,35]. Through the messages of the
intervention, users also receive guidance on proper medication
use to enhance adherence.

Representative messages for high reading clusters are presented
in Figure 2.

Figure 2. Representative intervention messages delivered via the Dario app following high blood pressure readings.

Measures
The monthly average BP level (SBP and DBP), which was
defined as the mean of a user’s BP measurements taken over a
30-day period from the first nudge message, was used as a core
outcome metric. Monthly aggregation was specifically chosen
based on several evidence-based considerations: (1) it aligns
with clinical practice guidelines that recommend assessing BP
control trends over weeks to months rather than days [29]; (2)
it provides sufficient statistical power to detect clinically
meaningful changes while reducing noise from day-to-day
physiological variability, which can be as high as 10‐15 mm

Hg due to factors unrelated to intervention effects [12]; (3) it
captures the sustained behavioral change trajectory that digital
interventions aim to achieve, as behavior modification typically
requires 3‐4 weeks to establish new habits [36]; and (4) it
corresponds to the temporal scale at which medication
adjustments and lifestyle interventions are evaluated in clinical
trials, facilitating comparison with existing literature.

The monthly high-reading percentage, which was defined as
the monthly number of high readings (SBP ≥140 mm Hg and
DBP ≥90 mm Hg) divided by the monthly number of all BP
measurements taken over a 30-day period from the first nudge
message, was used as another core outcome metric. The mobile
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platform collected the following medical and sociodemographic
information (by self-report) for each user: gender, age, weight,
BMI, physical activity level, stress level (0 [no stress] to 10
[very stressed]), alcohol consumption (number of drinks per
week), smoking (0 [never] to 3 [yes]), and comorbidities (eg,
baseline hypertension [based on the first 30-day measurements
on the platform], diabetes, high lipid levels, chronic kidney
disease, cardiovascular disease, and cancer). Independent
variables included digital engagement, such as the number of
monthly BP measurements, and lifestyle activities
(operationalized as the sum of meal logs, carbohydrate intake,
calories burned, and recipe finder activities in each month).

Study Population
A retrospective data study was performed on the Dario database.
Individuals who used the Dario platform between 2019 and
2024 were considered. The users purchased the device via a
direct-to-consumer channel. The study analyzed 2 cohorts of
users who received a digital intervention (intervention group):
one cohort of users who had high BP readings and another
cohort of users who had normal BP readings [29]. The inclusion
criterion for the intervention group (both cohorts) was
measurement of BP using the Dario Health platform during the
years 2021‐2024, for a minimum of 2 months (1 month prior
to the first nudge message and 1 month after). To establish a
control group, we selected users from the existing Dario
database who never received a nudge between August 2019 and
May 2020, and who experienced the same BP events. We
applied the propensity score matching procedure to ensure
comparability. The events that captured and triggered a digital
intervention included high BP events (defined as SBP ≥130 mm
Hg or DBP ≥80 mm Hg) occurring 4 times on different days
within a 7-day period in the high BP cohort, and normal BP
events (defined as SBP <120 mm Hg or DBP <80 mm Hg)
occurring 4 times on different days within a 7-day period in the
normal BP cohort.

Ethical Considerations
All data used for the analysis were anonymized before extraction
for this study. The study received an exemption from Ethical
and Independent Review Services (a professional review board),
which issued the institutional review board exemption (number:
18,032‐07#) [37]. The users who participated in the study
were provided with a Terms of Use document mentioning the
legally valid consent of the end user for the company to collect
and access their information. The use of the app, site, or services
is deemed to constitute user consent that is legally bound by
the Terms of Use and the Privacy Policy. The Terms of Use do
not specify an option for users to opt out of the use of their
deidentified data for research purposes while continuing to use
the service. The current Terms of Use can be accessed on
DarioHealth [38]. No compensation was provided to users.

Study Design
The aim of our study was to evaluate the impact of digital
interventions on BP levels and assess their relative contribution
to BP levels. We conducted 2 separate parallel analyses: one
for the high BP cohort and another for the normal BP cohort.
For the digital intervention group, it was crucial to establish a

clear starting point for the intervention to assess its effects
accurately.

All users in the intervention and control groups had access to
the same Dario platform features, including BP monitoring,
educational materials, and lifestyle tracking tools. The sole
difference was that the intervention group received automated,
personalized nudge messages triggered by their BP patterns,
while the control group did not receive these triggered messages
despite experiencing the same BP events.

This approach ensured that any observed differences in
outcomes would be attributable to the digital intervention itself,
rather than temporal factors or external influences. Using this
approach, we enhanced the internal validity of the study. This
allowed us to isolate the effect of the digital intervention from
that of other variables and assess the impact on BP levels more
accurately.

Propensity Scores: Causal Inference
Propensity score matching was used in this study to address
potential confounding factors and enhance the comparability
of the intervention and control groups. The rationale behind
using propensity score matching lies in its ability to reduce bias
and mimic the randomization process, thereby facilitating causal
inference in observational studies [39].

Missing Data Assessment and Handling
Prior to the analysis, we conducted a comprehensive assessment
of missing data patterns and mechanisms. The Little missing
completely at random test [40] was performed, and there was
no evidence against the missing completely at random

assumption (χ2
11=16.438; P=.13). Missing data were present

only in baseline covariates used for propensity score matching,
while outcome variables (BP measurements) had almost
complete data at the month-aggregated level.

The missing data in both datasets were imputed using the
Multivariate Imputation by Chained Equations (MICE)
algorithm with the “mice” package in R (R Project for Statistical
Computing). Specifically, the method used for imputation was
predictive mean matching, with 5 imputed datasets generated
(m=5) and a maximum of 50 iterations (maxit=50) for
convergence. This approach allows for the generation of
plausible values for missing data based on observed relationships
in the dataset, ensuring that the imputed data preserve the
underlying statistical structure.

Propensity score matching was used to estimate intervention
effects while removing the bias created by the intervention
covariates [41] and forming matched sets of treated and
untreated individuals who share a similar value of the propensity
score. The goal of propensity score matching is to simulate the
conditions of a randomized controlled trial, creating a balance
between groups in the distributions of covariates.

The matching [41-44] for the high BP cohort was based on the
following sociodemographic and clinical parameters: age,
gender, weight, baseline hypertension as a binary variable (based
on the first 30-day measurements on the platform), number of
comorbidities, diabetes type (type 2, prediabetes, or others),
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mean number of BP measurements, average SBP and DBP in
the months before the messages were sent, and average SBP
and DBP as well as mean high-reading percentage in the month
the messages were sent. The matching for the normal BP cohort
was based on the following sociodemographic and clinical
parameters: age, gender, weight, baseline hypertension as a
binary variable (based on the first 30-day measurements on the
platform), number of comorbidities, diabetes type (type 2,
prediabetes, or others), number of BP measurements, average
SBP and DBP in the months before the messages were sent,
and the first SBP and DBP measurements in each individual.

We used nearest-neighbor matching without replacement to
ensure optimal balance between groups while maintaining
interpretability. This approach was chosen over other methods
(eg, full matching and weighting) for the following reasons: (1)
it provides the most intuitive comparison between matched

pairs, (2) it performs well when the overlap in propensity scores
is substantial, and (3) it allows for straightforward assessment
of covariate balance. A caliper width of 0.1 SDs of the logit of
the propensity score was selected based on empirical evidence
from Austin [43], who demonstrated that calipers of 0.2 SD
eliminate approximately 99% of the bias due to measured
confounders. We chose a more stringent caliper of 0.1 SD to
further minimize potential bias while monitoring the trade-off
with sample size reduction. Postmatching balance was assessed
using standardized mean difference (SMD) for all covariates,
with SMD <0.1 considered indicative of good balance [42]. As
shown in Figures 3 and 4, all covariates achieved SMD <0.1
after matching, confirming the effectiveness of our matching
procedure. Additionally, we examined the distribution of
propensity scores before and after matching to ensure adequate
overlap.

Figure 3. Plot presenting the efficacy of the matching procedure for balancing the high blood pressure (BP) cohort. Distance refers to the standardized
difference in the propensity scores between the treatment and the control after matching. A caliper of 0.1 SD is reached for all parameters.
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Figure 4. Plot presenting the efficacy of the matching procedure for balancing the normal blood pressure (BP) cohort. Distance refers to the standardized
difference in the propensity scores between the treatment and the control after matching. A caliper of 0.1 SD is reached for all parameters.

In this study, the propensity scores were calculated for each
participant using the “matchit()” function from the R package
matchit, and the distance metric used was based on logistic
regression using a 1:1 ratio between the 2 study groups: 148
users in each group from the high BP cohort and 56 users in
each group from the normal BP cohort. We applied
nearest-neighbor matching with a caliper width of 0.1 SDs of
the propensity score using logistic regression of the intervention
on the covariates. Participants without suitable matches were
excluded from the analysis. Figures 3 and 4 present the efficacy
of the matching procedures for balancing the groups.

Analytic Approach
A classical linear longitudinal model assumes a single-slope
growth pattern for changes in an outcome variable across time.
In contrast, piecewise‐based mixed‐effects models allow
flexibility in the modeling of variable change trajectories across
time [45]. Here, a piecewise mixed-effects model assessed
differences in SBP and DBP in 2 segments: before and after the
nudge messages were sent. The piecewise model allowed the
data to exhibit different linear trends over their different regions.

In the intervention group, user measurements were centered
around receiving the first nudge message in the high BP cohort
and the normal BP cohort. In the control group, user
measurements were centered around the time of the cluster of
events that were the same as in the intervention group. For the
high BP cohort, data from 3 months prior to and 3 months
following the intervention were included in the analysis. For
the normal BP cohort, the analysis included data from 3 months
prior to and 6 months following the intervention to assess the
sustainability of normal BP events over the longer term.

A piecewise-based mixed-effects model was fitted, modeling
temporal changes of the monthly average SBP and DBP for the
2 groups in each cohort (high and normal BP). For the high BP
cohort, the monthly average of the high-reading percentage was
also modeled. The piecewise cutoff point for the model was set
for month 0 (the month that the messages were sent), assuming
a change in the time-related monthly average BP between the
groups by the included interaction terms between the 2 time
trajectories and the groups. Another piecewise mixed-effects
model was evaluated only in the high BP cohort to model the
effect of the interaction between the 2 time periods and lifestyle
activities on the monthly average SBP. We compared three
random effect specifications: (1) random intercepts only, (2)
random slopes and intercepts, and (3) uncorrelated random
effects. Model comparison using the Bayesian information
criterion supported the random intercept–only structure that
was used in the models. All piecewise mixed-effects models
were fitted using restricted maximum likelihood estimation via
the lme4 package in R version 4.3.1. Convergence was assessed
using gradient tolerance <0.002 and confirmed by positive
definite Hessian matrices. Model assumptions were validated
through Diagnostics for Hierarchical Regression
Models–simulated residual diagnostics and examination of
random effect distributions. Next, we used a simple slope
analysis to interpret the interaction between the outcomes and
the groups. The same statistical framework was applied to test
the moderating effect of lifestyle activities on SBP in the high
BP cohort. All coefficients from the piecewise mixed-effects
models represent the rate of change in the outcome variable per
month. For BP outcomes (SBP and DBP), coefficients are
expressed in mm Hg per month, indicating the average monthly
change during each time period.
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Results

Users
In total, 408 users were included in the study. The high BP
cohort had 296 users, including 186 (62.8%) men and 110
(37.2%) women. In this cohort, the average user age was 63.9
(SD 10.0) years, and the average BMI was 32.2 (SD 6.9). Of
the 296 users, 196 (66.2%) reported having one or more
comorbidities. The normal BP cohort had 112 users, including
30 (26.8%) men, 49 (43.8%) women, and 33 (29.4%) others.
In this cohort, the average user age was 55.1 (SD 11.6) years,
and the average BMI was 32.0 (SD 10.1). Of the 112 users, 37
(33.0%) reported having one or more comorbidities.

Sensitivity analysis comparing complete case analysis (n=237)
with imputed results demonstrated robust findings. In complete

cases, the intervention group showed a decrease in monthly
SBP of −1.73 mm Hg (95% CI −2.45 to −1.01; P<.001), which
closely aligned with the primary imputed analysis results (−1.86
mm Hg; P<.001). Similar consistency was observed for DBP
and high-reading percentage outcomes. The convergence of
estimates across missing data approaches, combined with the
separation of imputed covariates from observed outcomes,
provides strong evidence for the validity of our findings.

Study 1: Association of the Digital Intervention With
Improvements in High BP Levels
The results from the piecewise mixed-effects model revealed
differences in the trajectories of the monthly average SBP
between the intervention and control groups, as illustrated in
Figure 5A. The intraclass correlation coefficient indicated that
62% of the total variance in SBP was attributable to
between-subject differences.

Figure 5. (A) Monthly average systolic blood pressure (BP) change over time. The dotted line represents the month when the first message was sent.
(B) Simple slope analysis of the monthly average systolic BP during the period after the first nudge message was sent (moderated by group).

A significant interaction effect was observed following the
delivery of the first nudge message (B=−1.04; P=.04), while no
significant interaction was detected in the preceding period
(B=−0.21; P=.67). The intervention group (n=148) demonstrated
a significant decrease in the monthly average SBP during the
3 months following the nudge message (−2.09 mm Hg/month,
95% CI −2.77 to −1.41; P<.001), with a total reduction of 6.27
mm Hg over the 3-month period. The control group (n=148)
also exhibited a significant reduction in the monthly average
SBP (−1.06 mm Hg/month, 95% CI −1.83 to −0.28; P=.007),

with a total reduction of 3.18 mm Hg over 3 months. The
differential effect between groups (1.04 mm Hg/month)
represents the additional benefit attributable to the digital nudges
(Figure 5B).

The results of the piecewise mixed-effects model highlighted
differences in the trajectories of the monthly average DBP
between the groups, as shown in Figure 6A. The intraclass
correlation coefficient indicated that 66% of the total variance
in DBP was attributable to between-subject differences.
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Figure 6. (A) Monthly average diastolic blood pressure (BP) change over time. The dotted line represents the month when the first message was sent.
(B) Simple slope analysis of the monthly average diastolic BP during the period after the first nudge message was sent (moderated by group).

A significant interaction effect was observed during the period
after the first nudge message was sent (B=−0.85; P=.02), while
the interaction effect was not significant in the preceding period
(B=−0.17; P=.61).

The intervention group exhibited a significant decrease in the
monthly average DBP within the 3 months following the nudge
message (−1.45 mm Hg/month, 95% CI −1.91 to −0.98;
P<.001), with a total reduction of 4.35 mm Hg over the 3-month
period. The control group also showed a significant reduction
in the monthly average DBP (−0.60 mm Hg/month, 95% CI
−1.13 to −0.07; P=.03), with a total reduction of 1.80 mm Hg

over 3 months. The differential effect between groups (0.85 mm
Hg/month) indicated that the intervention group experienced
an additional 2.55 mm Hg reduction in DBP attributable to the
digital nudges over the 3-month period (Figure 6B).

Another piecewise mixed-effects model was used to assess
differences in the trajectories of the monthly average
high-reading percentage between the groups, as illustrated in
Figure 7A. The intraclass correlation coefficient indicated that
54% of the total variance in the monthly average high-reading
percentage was attributable to between-subject differences.

Figure 7. (A) Monthly average high-reading percentage change over time. The dotted line represents the month when the first message was sent. (B)
Simple slope analysis of the monthly average high-reading percentage during the period after the first nudge message was sent (moderated by group).

A significant interaction effect was observed during the period
after the first nudge message was sent (B=−0.029; P=.04), while

no significant interaction was found in the prior period
(B=0.0005; P=.97). The intervention group exhibited a

JMIR Cardio 2025 | vol. 9 | e76275 | p.399https://cardio.jmir.org/2025/1/e76275
(page number not for citation purposes)

Fundoiano-Hershcovitz et alJMIR CARDIO

XSL•FO
RenderX

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


significant decrease in the monthly high-reading percentage in
the 3 months following the nudge message (−5.8 percentage
points/month, 95% CI −7.7 to −4.0; P<.001), with a total
reduction of 17.4 percentage points over the 3-month period.
The control group also showed a significant reduction in the
monthly high-reading percentage (−2.9 percentage points/month,
95% CI −5.0 to −0.8; P=.008), with a total reduction of 8.7
percentage points over 3 months. The differential effect between
groups (2.9 percentage points/month) indicated that the
intervention group experienced an additional 8.7 percentage
point reduction in high readings attributable to the digital nudges
over the 3-month period (Figure 7B).

Finally, a piecewise mixed-effects model was applied
exclusively to the intervention group to evaluate the interaction

between the 2 time periods and lifestyle activities in terms of
the monthly average SBP. The results revealed a significant
interaction effect between the number of lifestyle activities
(operationalized as the sum of meal logs, carbohydrate intake,
calories burned, and recipe finder activities in each month) and
the monthly average SBP during the postmessage period
(B=−0.12; P=.004), whereas no significant effect was observed
in the premessage period (B=0.13; P=.33).

A simple slope analysis indicated that users with a higher
monthly number of lifestyle activities experienced significant
reductions in the monthly average SBP (B=−5.27; P<.001),
while users with a below-average monthly number of lifestyle
activities showed no significant changes (B=−1.08; P=.23)
(Figure 8).
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Figure 8. Simple slope analysis of the monthly average systolic blood pressure (BP) during the period after the first nudge message was sent (moderated
by the number of lifestyle activities).

Study 2: Association of the Digital Intervention With
the Sustainability of Normal BP Levels
The results of the piecewise mixed-effects model highlighted
differences in the trajectories of the monthly average SBP

between the groups, as shown in Figure 9A. The intraclass
correlation coefficient indicated that 36% of the total variance
in SBP was attributable to between-subject differences.
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Figure 9. (A) Monthly average systolic blood pressure (BP) change over time. The dotted line represents the month when the first message was sent.
(B) Simple slope analysis of the monthly average systolic BP during the period after the first nudge message was sent (moderated by group).

A significant interaction effect was observed in the 6-month
period following the first nudge message (B=−1.08; P=.02),
whereas no significant interaction effect was found in the period
prior to the message (B=1.10; P=.32).

A simple slope analysis revealed that in the months following
the messages, the intervention group (n=56) sustained stable
BP levels with no significant change in the monthly average
SBP (−0.39 mm Hg/month, 95% CI −1.08 to 0.30; P=.27). In
contrast, the control group (n=56) exhibited a significant
increase in the monthly average SBP (0.69 mm Hg/month, 95%
CI 0.08 to 1.29; P=.03), with a total increase of 4.14 mm Hg
over the 6-month period. The differential effect between groups
(1.08 mm Hg/month) indicated that the digital nudges prevented
an increase of approximately 6.48 mm Hg in SBP over the
6-month follow-up period compared to the control group (Figure
9B).

Another piecewise linear mixed-effects model was used to
examine the differences in the trajectories of the monthly
average DBP between the groups over the 3 months preceding
and the 6 months following the first nudge message (Figure 10).
The intraclass correlation coefficient indicated that 38% of the
total variance in DBP was attributable to between-subject
differences. The results revealed that neither group showed
significant changes in DBP during the 6-month period following
the intervention. The interaction effects between groups were
not significant either before or after the messages (before the
messages: B=−0.31; P=.64; after the messages: B=−0.13;
P=.63), indicating no differential effect of the digital nudges
on BP in the normal BP cohort. Both the intervention and control
groups maintained stable DBP levels throughout the study period
(Figure 10).
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Figure 10. Monthly average diastolic blood pressure (BP) change over time. The dotted line represents the month when the first message was sent.

Discussion

Principal Findings
This retrospective study evaluated the effectiveness of a digital
intervention aimed at helping individuals with high BP to
regulate their levels by providing tailored digital support at the
right time. This support was customized to individual needs and
was compared to a matched control group that did not receive
it. The findings revealed that users with higher engagement in
lifestyle activities experienced significant reductions in their
monthly average SBP. Additionally, the study suggested the
critical role of positive support through messaging for
maintaining normal BP levels. This support may enhance an
individual’s overall well-being and encourage positive behaviors
that help sustain healthy BP levels over time and thus may
support long-term hypertension management.

Our study used propensity score matching for the control group
and used a piecewise mixed model as a statistical framework
to describe the nonlinear behavior in BP levels, comparing 2
groups over time.

In the high BP cohort, our analysis indicated that before the
intervention phase, the high readings in both groups
demonstrated similar trajectories in terms of BP levels.
However, after the start of the nudges, the BP levels in the
intervention group significantly reduced, while the BP levels
in the control group experienced a less pronounced effect and

showed only a slight or less significant change. In the normal
BP cohort, no significant interaction effect was found in the
period prior to the positive feedback messages, while after the
positive feedback messages were delivered, the intervention
group sustained the reduction in their monthly average SBP,
while the control group exhibited a significant increase in their
monthly average SBP in the following 6-month period.

Robust statistically significant effects were found for improved
diet, aerobic exercise, alcohol and sodium restriction, and fish
oil supplements (mean reductions in SBP of 5.0, 4.6, 3.8, 3.6,
and 2.3 mm Hg, respectively), with corresponding reductions
in DBP [46].

Hypertension is a major cause of cardiovascular disease and
kidney disease, and BP control reduces the risk of these
complications [47,48]. Despite the availability of effective
hypertensive medications, BP treatment and control rates remain
low [48]. Self-management education, including user education,
self-monitoring of clinical measurements, lifestyle modifications
(such as a healthy diet, physical activity, weight management,
smoking cessation, and alcohol reduction), and support for
medication adherence, has been widely used for BP management
[49,50]. Providing information about hypertension and its
treatment, along with home BP monitoring and feedback, has
been incorporated into effective interventions, demonstrating
that supported self-management can improve BP control [50].
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Healthy lifestyle and diet are associated with significant
reductions in the risks of obesity, type 2 diabetes, high BP, and
cardiovascular diseases [51]. Diet plays a crucial role in BP
regulation through multiple mechanisms such as improved
endothelial function, enhanced pressure natriuresis, and reduced
oxidative stress [52]. Dietary management is considered to be
an effective treatment method for hypertensive users as diet has
a direct link with BP regulation [53,54]. Previous studies have
suggested that lowering sodium intake mitigates hypertension
symptoms significantly by lowering BP [55]. Conversely,
increased sodium intake activates the hormonal mechanisms
implicated in the pathogenesis of hypertension [55].

Recent studies have identified potential mechanisms by which
physical activity enhances vascular function [56]. Regular
exercise enhances vascular health through improvements in
endothelial function. Specifically, exercise training in
individuals with stable coronary artery disease has been shown
to improve agonist-mediated, endothelium-dependent
vasodilatory capacity [56]. Aerobic and resistance exercises
have physiologically meaningful effects on endothelial function
[57], increasing both the gene and protein expressions of
endothelial nitric oxide synthase and boosting nitric oxide
production in patients with coronary artery disease [51,58],
which can result in arterial vasodilation and reduced peripheral
resistance. This mechanism directly contributes to lower BP
[59].

This study demonstrated that the use of automated data-driven
nudges for interventions in hypertension can significantly
influence BP levels over time. Digital messages may be effective
for BP control by promoting lifestyle changes and improving
medication adherence. Such interventions can encourage users
to not only adopt healthier habits but also stay adherent to
prescribed treatments or seek medical consultation for therapy
adjustments in different populations, including low- and
middle-income populations [60].

One of the broad mechanisms underlying the benefits of digital
health tools is biofeedback to improve monitoring and
management [24]. Digital health nudges impact the
implementation and adherence to guideline-driven,
evidence-based nonpharmacological strategies for reducing BP.
This includes raising the awareness of how to properly measure
BP at home, understanding BP categories and risk levels,
promoting a healthy diet, reducing dietary salt intake,
encouraging physical activity, managing stress, improving sleep
hygiene, and addressing smoking and alcohol consumption
[24,29,33,46,61]. The different components may also interact.
For example, both stress reduction and decreased salt intake
could contribute to better sleep quality [62].

The DASH diet has been reported to significantly lower SBP
at every sodium level and significantly lower DBP at the high
and intermediate sodium levels [33]. Through feedback
messages, users receive guidance on proper medication use,
including tips to improve adherence. Adherence is important,
and high adherence to antihypertensive medication is associated
with higher odds of BP control. Nonadherence to
cardioprotective medication increases a user’s risk of death from
50% to 80% [63]. Multiple factors contribute to adherence

levels, stemming from individual, provider, and health care
system elements, which often interact with each other [64].
Developments in the field of digital adherence monitoring and
management are rapidly evolving to different cutting-edge
solutions ranging from smartphone apps to smart devices.
Technical and social innovations could lead to improved
medication adherence and better user outcomes [34,65].
Self-monitoring of BP using a digital home BP monitoring
device is another essential component of digital health in users
with hypertension [23,29]. Use of out-of-office BP monitoring
is preferred over office BP monitoring for the diagnosis and
management of hypertension in major hypertension guidelines
[29].

In the intervention presented in this manuscript, decisions
concerning when and how to provide support are
intervention-determined rather than user-determined. Tailoring
variables were determined through active assessment of BP
levels, which required user engagement. Users included in the
study received prompts about their BP status when high readings
(elevated and stage 1 or stage 2) were detected on 3 separate
days within a 7-day period.

Real-time behavioral support that directly addresses user needs,
where the content or timing of support is adapted and based on
system-collected input and is triggered by the system, has been
shown to be effective in digital health interventions [25]. The
use of mHealth technology has been recommended as portable
devices make intervention delivery more interactive and
responsive by sending feedback messages in real time based on
the user’s state (eg, to promote physical activity and reduce
sedentary behavior) [66,67]. Progress in digital health
technology has enabled the design of interventions that aim to
deliver behavior change support in real time, and this is matched
to when users most want or need an intervention or when they
are at risk. One of the common behavior change techniques is
prompts/cues or feedback on behavior and action planning
[25,68]. Digital health interventions, such as remote BP
monitoring and tailored feedback, have been shown to be
associated with significant reductions in BP levels among
diverse populations [69]. Importantly, the findings of this study
align with the results of previous meta-analyses, showing that
individuals who received digital nudges experienced a greater
reduction in SBP compared to those in the control group
[22,69-71]. One of the most successful mHealth interventions
combined the features of tailored messages, interactive
communication, and multifaceted functions [71]. The findings
of our study, which compared an intervention group to a control
group using the same platform with or without the intervention,
highlight the benefits of data-driven nudges that deliver real-time
messages. The results suggest that adaptive, system-triggered
support can effectively assist individuals in managing their BP.
These outcomes could inform the development of an artificial
intelligence–driven platform, which could act as a precise
lifestyle guide for individuals with hypertension. Such a system
could integrate BP monitoring with lifestyle data and leverage
personalized machine learning models to assess the individual
impact of various factors on BP. Previous programs typically
provided users with remote monitoring devices and paired them
with health coaches, but did not account for the individual
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impact of lifestyle factors on BP, which can vary due to
physiological differences [72]. In addition, physicians are often
unable to optimally counsel patients on lifestyle modifications
or personalize their guidance due to time constraints related to
workload [73,74]. BP and lifestyle data collected from digital
health platforms may allow us to view trends and make
personalized recommendations to users. Personalized
recommendations were found to be more useful compared to
generic recommendations [72]. We believe that the combination
of personalized guidance, ease of adherence, and motivational
reinforcement contributed to high engagement and improved
BP outcomes.

Our study also sheds light on the effect of positive feedback on
normal BP levels in the long term, indicating that integrating
positive behavioral principles can help users build resilience,
improve motivation, and enhance user engagement. Positive
feedback in digital health nudges has been shown to enhance
user engagement and lead to better clinical outcomes in BP
management through BP monitoring with supportive digital
applications, which can increase user awareness and facilitate
behavioral change, resulting in improved BP control [23].

Previous studies highlighted the importance of user
empowerment tools, such as user-reported outcome measures
and shared decision-making processes, in managing chronic
diseases [75]. The integration of positive feedback within digital
health interventions plays a crucial role in motivating users to
adhere to their management plans, as demonstrated in previous
studies [76]. We believe that incorporating positive feedback
on normal BP levels enhances user motivation, fosters a hopeful
mindset, and reinforces user confidence in making
improvements. Additionally, recognizing and leveraging users’
strengths can boost self-efficacy and encourage active
engagement in their treatment plans [77]. In contrast, users who
do not receive positive reinforcement may be less aware,
potentially leading to increased BP levels over time.

By incorporating these positive psychology messages into
clinical care, health care providers can support users in a holistic
way, improving not only clinical outcomes but also users’
quality of life and overall health management.

Additional research is needed to explore the best way to
integrate user-determined features into a system-driven
intervention, balancing structured, externally initiated support
with individual autonomy in managing hypertension and other
metabolic chronic conditions [78].

Limitations
This study had several limitations. As with all retrospective
real-world data analyses, the groups were not randomly assigned
and treatment protocols were not prescribed, creating challenges
in drawing causal inferences. Statistical modeling can address
some difficulties in comparing groups and allow quasi-causal
inferences; however, unmeasured variables may impact group
balance.

While we carefully selected covariates for propensity score
matching based on clinical relevance and prior literature,
unmeasured confounding remains possible. Factors, including
socioeconomic status, health literacy, dietary habits, stress

levels, and intrinsic motivation for health behavior change, were
not directly measured and could influence outcomes. Critically,
this study lacked information on concurrent antihypertensive
medication use and changes, which could significantly impact
BP trajectories. Several aspects of our design helped mitigate
these concerns. Matching on baseline BP measurement
frequency partially captured health engagement, and the balance
achieved on measured covariates (Figures 3 and 4) reduced the
likelihood of substantial unmeasured confounding. Moreover,
as the intervention and control groups experienced identical BP
event patterns, unmeasured factors likely affected both groups
similarly. Nevertheless, unmeasured characteristics that were
differentially distributed between the groups could have
influenced our effect estimates, an inherent limitation of a
retrospective observational design. The COVID-19 pandemic
was a major uncontrolled event separating the control and
intervention periods, introducing a potential secular trend bias.
Broader societal changes, such as increased health awareness
and health care access, may have influenced user behavior and
engagement patterns independent of the digital nudges.

The study population was limited to individuals who
self-selected the use of the Dario system, indicating pre-existing
health care engagement. Users who opened and read intervention
messages may have been particularly motivated to change.
However, our inclusion criteria ensured that both groups showed
evidence of engagement with hypertension management, with
no significant differences in BP measurement frequency between
the groups, suggesting that motivation may not be the primary
differentiating factor.

We acknowledge that external validity may be limited to
health-engaged, technologically enabled populations, and the
results may not be generalizable to those with limited access or
comfort with digital tools. However, the growing use of
smartphones and digital health across diverse groups suggests
cautious optimism for broader applicability. Future research
should focus on strategies to engage lower-motivation users
and assess effectiveness in more diverse, underserved
populations.

Additionally, Bluetooth-connected devices operating outside
electronic medical records face adoption challenges, particularly
for users with limited health technology literacy. The successful
device adoption in our study population may limit
generalizability. Nevertheless, the clinical benefits observed
align with growing evidence that digital health interventions
can achieve meaningful outcomes even without full electronic
medical record integration, particularly when combined with
behavioral support features like our automated nudge system.

Our temporal analysis design focused on monthly intervals over
a 3-month (high BP cohort) or 6-month (normal BP cohort)
period before and after the intervention. While relationships
could potentially be investigated at daily or weekly scales,
tracking such granular changes is difficult in real-world studies.
Monthly average BP provides robust estimates of sustained
intervention effects and aligns with clinical practice guidelines
while providing sufficient statistical power to detect clinically
meaningful effects. However, this approach cannot capture
short-term variability patterns, including intraday fluctuations,
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morning surges, or circadian patterns that have independent
prognostic values for cardiovascular outcomes. Future studies
with higher-frequency measurements could investigate whether
digital interventions affect these BP variability parameters.

Critically, we cannot adjust for time-varying confounders over
the 6-month study period. Our piecewise mixed-effects model
accounts for individual trajectories, but it cannot control
postbaseline medication changes, clinical visits, or seasonal BP
variations. The use of historical controls versus intervention
recipients can introduce a potential secular trend bias. An
additional limitation of this study is the lack of stratified analysis
on the intensity or frequency of digital nudges and their specific
effects on BP outcomes. While the intervention demonstrated
overall effectiveness, we did not assess whether higher or lower
exposure to messaging would yield differential impacts on SBP
or DBP outcomes. Future research should investigate the
differential effectiveness of nudge intensity and timing, using
experimental or adaptive designs, which will lead to more
precise and effective hypertension management at scale.

Finally, available demographic and medical data were limited.
Although no differences existed between the groups in age,
gender, median household income, diabetes type, weight, or
comorbidities, uncontrolled bias from other demographic or
medical factors remains a possibility. Future studies should
incorporate comprehensive medication data to better isolate
digital intervention effects and explore strategies to reduce
adoption barriers while maintaining demonstrated clinical
effectiveness.

Conclusions
This study provides evidence suggesting that digital health
data–driven nudges may help support BP management by
delivering real-time, adaptive behavioral support. Users who
engaged more actively with lifestyle interventions experienced

greater reductions in SBP, indicating a potential association
between engagement and improved outcomes. Our findings
highlight the significance of integrating positive messaging into
digital health solutions. Positive feedback on normal BP levels
may have encouraged users to maintain healthy behaviors,
reinforcing motivation and self-efficacy. In contrast, those who
did not receive positive feedback exhibited an upward trend in
BP levels over time. This underscores the value of continuous
engagement and reinforcement strategies in sustaining long-term
hypertension management.

The use of a digital health platform enabled real-time
monitoring, while data-driven nudges further enhanced user
engagement by prompting timely self-monitoring, reinforcing
healthy behaviors, and supporting adherence to lifestyle
modifications and antihypertensive therapy. The application of
machine learning models and artificial intelligence–driven
platforms could further enhance the personalization of digital
health interventions, tailoring recommendations based on
individual responses to behavioral and physiological data.

Future Research Directions
Despite the promising results, additional research is required
to refine digital health interventions, ensuring they are both
system-driven and adaptable to user preferences. Future studies
should explore the optimal integration of user-determined
features within structured, externally initiated interventions.
Additionally, expanding these approaches to other
cardiometabolic conditions could further validate the
effectiveness of digital health tools in managing chronic
diseases. By leveraging personalized recommendations,
behavioral reinforcement, and positive feedback, digital health
platforms have the potential to transform hypertension care,
empowering individuals to take an active role in their health
and achieve sustainable improvements in BP control.
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Abstract

Background: Remote patient monitoring (RPM) has emerged as an effective strategy for controlling hypertension by enabling
patients to collect and transmit blood pressure (BP) data outside the clinic and supporting proactive care team interventions. While
its benefits for hypertension management are well established, less is known about its effectiveness in patients with multiple
chronic conditions (MCC), who experience higher morbidity, mortality, and costs.

Objective: This study aimed to evaluate the impact of an electronic health record (EHR)–integrated, team-based RPM program
on patients with hypertension, alone or co-occurring with ischemic heart disease, type 2 diabetes, or both. This study aimed to
determine whether referral to the program was associated with reductions in systolic blood pressure (SBP) across these patient
groups.

Methods: We analyzed EHR data from patients referred by their primary care physicians to the University of California San
Diego Health’s Digital Health Program between October 2020 and July 2022. Eligible patients had hypertension, either alone or
accompanied by at least 1 coexisting condition, such as ischemic heart disease or type 2 diabetes. Participants received a
Bluetooth-enabled BP cuff and ongoing support from a multidisciplinary team, including nurse care managers and a pharmacist.
A semiparametric event study design was used to estimate changes in SBP over 24 months, comparing prereferral and postreferral
outcomes. To understand the program’s impact, outcomes were analyzed for the full cohort of all referred patients and then scaled
to reflect the average change in SBP among the program participants.

Results: Among patients who had been referred to the program, those with hypertension only experienced an average reduction
of 9.70 (SE 0.80) mm Hg in SBP by the end of the analysis horizon of 1 year. Patients with hypertension and either diabetes or
ischemic heart disease experienced a reduction of 6.61 (SE 1.12) mm Hg, and those with all 3 conditions experienced a reduction
of 6.60 (SE 1.72) mm Hg. The average reductions in SBP among active participants were 16.83 mm Hg, 13.22 mm Hg, and 16.01
mm Hg, respectively.

Conclusions: A team-based, EHR-integrated RPM program was associated with clinically meaningful SBP reductions among
patients with MCC. The program leveraged existing EHR workflows for referral and monitoring and provided technical and
clinical support to patients. These findings suggest that EHR-integrated RPM services can achieve substantial improvements in
BP in high-risk populations. As reimbursement for RPM expands, such models represent a promising strategy for addressing
hypertension and the disproportionate burden of MCC at the population level.

(JMIR Cardio 2025;9:e75170)   doi:10.2196/75170
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Introduction

Hypertension and Multiple Chronic Conditions
Hypertension is a widespread chronic disease affecting at least
33% of people aged 30 to 79 years worldwide [1] and
approximately 48% of US adults [2], and contributes to poor
cardiovascular, metabolic, mental health, and other chronic
conditions. Approximately 27% of US adults have multiple
chronic conditions (MCC) [3]. This patient population comprises
up to 80% of Medicare costs [4], despite being the least studied
among individuals with chronic diseases [5], and requires the
most overall health care [6]. Common co-occurring chronic
conditions include hypertension, type 2 diabetes, and ischemic
heart disease. Among Medicare beneficiaries with MCC,
diabetes and hypertension were the fourth most common
combination (29.6% of MCC patients) in men aged <65 years
and the fifth most common combination in men and women
aged >65 years (28.6% and 27.5%, respectively) [7]. Ischemic
heart disease and hypertension were the fifth most common
combination in men aged <65 years (24.6%) and the third most
common combination in men aged >65 years (39.0%) [7]. In
men, the triad of ischemic heart disease, hypertension, and
diabetes was the fourth most common [7]. Another study of US
adults found that co-occurring diabetes and hypertension was
the second most likely combination of MCC in all men and
women aged >44 years [8]. Hypertension, ischemic heart
disease, and diabetes share common pathophysiological
processes. Their co-occurrence contributes to an increased risk
of cardiovascular events and all-cause mortality [9,10].

Remote Patient Monitoring
Remote patient monitoring (RPM) programs have shown
positive effects in controlling chronic diseases such as
hypertension and hyperlipidemia, proving feasible and effective
in improving clinical outcomes in diverse patient populations
[11-14]. These programs leverage technologies to empower
patients and health care providers with regular, consistent
collection of clinical data within everyday contexts for patients.
They increase patient confidence and agency in managing
chronic diseases and lower clinical exacerbations and
hospitalizations, costs, and travel inconvenience for patients
[15,16]. However, few health delivery organizations have scaled
these solutions broadly, often citing the start-up investments
involved and the need to pivot toward improved IT infrastructure
[16], as well as complications that arise from new billing
procedures and regulations around data privacy [17]. Some
physicians and patients have expressed concern about the
technological requirements of RPM, either with respect to
patient capacity to use the technology consistently and
effectively or that the technology itself might not be reliable
over a sustained period [15]. However, reviews suggest that in
practice, these concerns are often unfounded [17]. Even patients
with English as their second language adapt well to RPM when
provided with multilingual tools for assistance [18,19].
Generally, combining RPM with nurse or counselor follow-up
and structured self-management interventions, such as patient
education sessions, increases its effectiveness [20]. RPM is
mostly used for cardiovascular health management [21] but is

also effective in other domains, for example, remote glucose
monitoring for diabetes [22].

RPM in Patients With Hypertension and MCC
RPM of blood pressure (BP) for hypertension care shows
evidence of sustainable decreases in patient systolic blood
pressure (SBP) [12,23]. It reduces instances of white coat
hypertension diagnosis by relying on real-world, at-home
readings as opposed to office visits [24]. RPM effectively aids
rural and medically underserved individuals and could play an
important role in bridging the care gaps in chronically
underserved regions [25], as well as racial minorities [26].
However, RPM has been previously shown to lead to stronger
clinical improvements among racial, ethnic, and geographic
groups who already experience better clinical outcomes (eg,
White patients and those who live in affluent localities) due to
lower RPM adoption by Black or Hispanic patients and those
who live in less advantaged communities [27,28]. These effects
are magnified when skills-based education of patients and
community clinical providers generally serving medically
underserved populations accompanies the technical rollout of
RPM [29]. RPM has effectively helped control BP in postpartum
women with hypertension [30].

RPM is effective in reducing the clinical burden of patients with
MCC. Clinical trials and real-world observational and cohort
studies show that RPM can lower mortality risk and SBP among
patients with MCC who have heart disease and hypertension
[24,31]. An RPM trial of patients with hypertension and diabetes
observed a 9.1-point SBP reduction, bringing 51% of
participants under 130/80 mm Hg within a year [32]; another
observed an 11-point SBP reduction over 4 months [33]. A
recent prospective observational study of patients with
hypertension and high cholesterol, offering RPM alongside a
patient support system, yielded a 9.7-point SBP reduction after
12 months [14].

Therefore, this study aimed to evaluate the impact of an
electronic health record (EHR)-integrated, team-based RPM
program on SBP among patients with hypertension, with a focus
on patients with MCC.

Methods

The RPM Program
Hypertension management has been a priority at the University
of California (UC) San Diego Health as part of a broader effort
to mitigate cardiovascular risk among patients. The RPM service
is a team-based, EHR-integrated service at the UC San Diego
Health for patients with poorly managed hypertension. The
program aims to lower cardiovascular risk while also reducing
patient burden in managing their health and has been provided
to a broad and diverse population of patients. Primary care
physicians (PCPs) were introduced to the digital health service
provided by the Population Health Services Organization via a
presentation, either at departmental meetings or at a primary
care retreat in 2021. They were shown how to refer eligible
patients—those with a BP trend ≥140/90 mm Hg—within the
EHR under a Care Coordination tab. PCPs were encouraged to
refer patients as part of established practice guidelines as a
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complement to their existing care practices. Once referred by
their PCP, patients who were interested in participating
completed a short questionnaire with the Digital Health team
to confirm that their smartphone supported the app used to
record BP measurements. This questionnaire ascertained that
their digital literacy was sufficient to take daily BP readings by
confirming that they were comfortable downloading and setting
up a smartphone app and using Bluetooth. Eligible participating
patients were then provided with iHealth Ease or Omron free
of charge, both of which are Bluetooth-enabled digital BP meters
that automatically transmit data to the patient portal of the EHR
via a Health Insurance Portability and Accountability Act
(HIPAA)-compliant smartphone app.

Enrollees are supported by a digital health specialist via
telephone or, in cases where patients have extensive problems,
via a visit to the patient’s home for device setup and any
technical issues. These measures attempt to mitigate equity
issues arising from variations in technological literacy, which
is crucial given that the target population tends to be older. The

EHR system stratifies BP measures into 3 risk groups: normal,
high or priority, and critical, and presents them on a daily
dashboard. Nurse care managers and a pharmacist review the
dashboard on a daily basis and make treat-to-target adjustments
per protocol, encompassing medication adjustments and
behavioral change recommendations. Participating patients were
advised to take BP measurements daily and were contacted if
they did not submit a reading at least once every 30 days.
Patients were advised to participate in the program for at least
6 months and had technical support available for the entirety
of their participation (Multimedia Appendix 1) [27]. This
ongoing outreach incentivizes adherence, where integration of
monitoring into digital technology minimizes the clinical burden
while expanding patient inclusion and furthering equity.
Outlined in Figure 1, the program workflow is initiated with
the PCP referring to the patient via the EHR. A digital health
specialist then calls the patient to onboard them, enabling the
patient to transmit BP measurements that are then monitored
by the Population Health Services Organization staff using a
central dashboard.

Figure 1. Outline of the intervention workflow. PHSO: Population Health Services Organization.

Sample
Our study sample was drawn from a subset of PCP referrals
that occurred between October 2020 and July 2022 (n=2512).
Patients were excluded if they were nonambulatory, under 18
years of age, pregnant, institutionalized, or dependent on
supplemental oxygen. The analysis focused on a subsample of
referred patients with MCC. Referral timing—the intervention
point—varied across the study window. To assess the program’s
longer-term impact rather than short-term reductions in SBP
that might result from program initiation, we included SBP
observations from months 7 to 12 after referral. This yielded
2206 patients with both prereferral and postreferral data for
empirical analysis. Baseline data included prior BP readings,
sex, age, and address from the EHR, along with self-reported
race and ethnicity. Patient addresses were linked to the Healthy
Places Index [34], which aggregates neighborhood-level
indicators across California—such as education, employment,
income, and housing—to approximate local socioeconomic
conditions.

Data Analysis
We used a semiparametric event study to assess the program’s
impact on SBP among patients with hypertension, focusing on
those with co-occurring type 2 diabetes or ischemic heart
disease, as well as those with all 3 conditions simultaneously.
Our event study implementation assesses the effects of the
“event” of being referred to the digital health program based
on deviations of patient outcomes from prereferral trends. This
design makes causal inference more complex and limited
compared to a randomized clinical trial but allows us to analyze
a real-world care program within a large health care system.
We provide estimates for all referred patients in the event study
analysis in the 2 steps described subsequently.

In the first step, we adjusted the raw outcome variables based
on preintervention data using a linear time trend in calendar
months and age fixed effects to account for underlying trends
in patients’ BP that would have occurred in the absence of the
intervention. We used data from 12 to 2 months before the
referral event as the baseline period. Month 1 before referral
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was excluded to remove possible transitory changes preceding
the referral. We then computed residuals, namely, the differences
between observed SBP values in our sample and the values
predicted by our model as if the intervention had not occurred.

In the second step, we examined the change in the residualized
outcomes between the preevent analysis period (months 12 to
1 before the referral) to the postevent analysis period (months
7 to 12 following the referral). This analysis identified changes
in SBP around the time of referral, detecting deviations from
the outcome predicted by our model of patients with
hypertension described in step 1, thereby indicating the impact
of the program on SBP. The analysis used regressions that
included patient fixed effects, which accounted for
time-invariant heterogeneity in outcomes across patients.
Overall, we used the comparison of SBP outcomes before and
after the intervention relative to the underlying trend as the

estimates for the impact of referral on BP outcomes.
Significance threshold was P<.05.

Ethical Considerations
This quality improvement project was deemed nonhuman subject
research and exempted from institutional review board review
by the UC San Diego Health Aligning and Coordinating Quality
Improvement, Research, and Evaluation Committee. No
compensation was provided to participants in exchange for their
participation. Data were stored on encrypted UC San Diego
Health servers in accordance with Health Insurance Portability
and Accountability Act and UC San Diego Health policies.

Results

Table 1 provides average characteristics for our study’s
population age, sex, race or ethnicity, and Healthy Places Index
of residence.

Table . Sample characteristics (N=2206).

Hypertension with both diabetes and
ischemic heart disease (n=143)

Hypertension with either diabetes
or ischemic heart disease (not both)
(n=745)

Hypertension only (n=1318)

69.6 (11.5)67.1 (12.8)63.2 (15.2)Age (y), mean (SD)

0.690.650.54    Proportion of patients aged ≥65

59 (27)60 (26)64 (25)    HPIa percentile, mean (SD)

73 (51.05)422 (56.64)716 (54.32)    Female, n (%)

Race or ethnicity, n (%)

66 (46.15)343 (46.04)805 (61.08)    Non-Hispanic White

39 (27.27)225 (30.20)267 (20.26)    Black or Hispanic

aHPI: Healthy Places Index.

Table 2 has 3 parts. Part A presents the estimates from the full
referred population. Observations from before the referral come
from months −12 to −1, and observations from after the referral
come from months 7 to 12. Robust SEs are clustered at the
patient level. Baseline levels are reported as subpopulation
means of the outcome variable in month −1 relative to referral.
The results indicated notable reductions in SBP in all
subpopulations. Patients with hypertension only experienced a
reduction of 9.758 (SE 0.81; P<.001) mm Hg. For those with

hypertension and either diabetes or ischemic heart disease (but
not both), the reduction was 6.599 (SE 1.13; P<.001) mm Hg.
Patients with all 3 conditions—hypertension, diabetes, and
ischemic heart disease—showed a reduction of 6.604 (SE 1.73;
P<.001) mm Hg. Baseline SBP levels at the time of referral
(month t=−1) were 138.4 mm Hg for the hypertension-only
group, 131.4 mm Hg for those with co-occurring hypertension
and either diabetes or ischemic heart disease, and 128.82 mm
Hg for those with all 3 chronic conditions.
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Table . Program’s impact on systolic blood pressure across patient groups.

Hypertension with both diabetes and
ischemic heart disease

Hypertension with either diabetes
or ischemic heart disease (not both)

Hypertension only

Part Aa,b

−6.604 (1.73)c−6.599 (1.13)c−9.758 (0.81)c    Treatment effect on referred

group, mean (SE)c

128.8 (22)131.4 (23.3)138.4 (21.4)    Baseline SBP, mean (SD)d

Part Be,f

0.4126 (0.0413)c0.4993 (0.0183)c0.5797 (0.0136)c    Initial take-up rate (SE)c

Part C

−16.01−13.22−16.83    Treatment effect on SBP scaled
by take-up rate

aDifference between hypertension only and hypertension with either diabetes or ischemic heart disease (not both) columns: 3.16 (SE 1.39; P<.05).
bDifference between hypertension with either diabetes or ischemic heart disease (not both) and hypertension with both diabetes and ischemic heart
disease columns: −0.006 (SE 2.06).
cP<.001
dSBP: systolic blood pressure.
eDifference between hypertension only and hypertension with either diabetes or ischemic heart disease (not both) columns: −0.0803 (SE 0.0227; P<.01).
fDifference between hypertension with either diabetes or ischemic heart disease (not both) and hypertension with both diabetes and ischemic heart
disease columns: −0.0867 (SE 0.0456; P<.1 ).

Part B reports the initial take-up rates of the program, which
describes the number of enrollees who completed at least 1
electronic BP reading. This rate varied significantly across the
patient groups. The initial take-up rate for the hypertension-only
group was 57.97 percentage points (pp; SE 1.36 pp, P<.001).
For those with hypertension and either diabetes or ischemic
heart disease, the take-up rate was 49.93 pp (SE 1.83 pp,
P<.001). Patients with all 3 conditions had a take-up rate of
41.26 pp (SE 4.13 pp, P<.001). The difference in initial take-up
rates between those with hypertension only and those with
co-occurring combinations (hypertension and either diabetes or
ischemic heart disease) was −8.03 pp (SE 2.27 pp, P<.001), and
between those with co-occurring combinations and those with
all 3 conditions was −8.67 pp (SE 4.56 pp, P=<.057).

Part C presents the average treatment effect among participants,
which was derived by dividing the treatment effect estimates
from Part A by the take-up rates from Part B, thereby estimating
the treatment effect for patients who enrolled in the RPM.
Among program participants, the average treatment effect was
a SBP reduction of 16.83 mm Hg for the hypertension-only
group, 13.22 mm Hg for those with hypertension and either
diabetes or ischemic heart disease, and 16.01 mm Hg for those
with all 3 chronic conditions. These results indicate that the
digital health program effectively reduced SBP in patients with
hypertension and MCC.

Discussion

Principal Findings
The study results demonstrate that the team-based RPM service
substantially improved BP management for patients with
hypertension. This positive impact was especially notable among
those with MCC, specifically patients with co-occurring diabetes
or ischemic heart disease, or all 3 conditions simultaneously

[7,8,35]. Although the MCC groups had a lower baseline
SBP—potentially indicating more intensive prior
management—this study still substantiates and extends the
findings of previous prospective quality improvement programs
[14] and randomized controlled trials focused on patients with
hypertension alongside hyperlipidemia, diabetes [32,33], or
heart disease [24]. This shows the value of RPM for managing
chronic conditions in the context of a robust care team and
technical support for patients who tend to be older and are more
likely to have multiple conditions beyond hypertension. Indeed,
there is in situ evidence that with sufficient care team and
technical support, age is not a limiting factor in RPM adherence
for hypertension management if patient intention to control their
hypertension remains high [36]. The observed reductions in
SBP were similar to those reported by comparable programs
embedded within large academic health centers, which typically
include ongoing care team support, multilingual care, and
extensive technical resources [19]. Therefore, our findings
illustrate the capacity of RPM initiatives to improve care quality.

Implications
Concrete clinical findings such as these call for increased uptake
of RPM. Most states now provide Medicaid reimbursement for
RPM [21], and as the financial incentives of RPM become more
apparent—1 recent RPM program for cardiovascular health
saved 173% of the program cost [37]—we expect that health
systems will increasingly turn to RPM programs for improved
clinical outcomes. We expect the financial benefits of RPM to
increase as more health centers adopt similar programs and
benefit from economies of scale and accrued knowledge about
best practices for establishing such programs, as well as
managing patient support procedures from a technical and
clinical perspective. Our EHR-integrated team-based RPM
service leverages the primary care physician-patient relationship,
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EHR infrastructure, and population health nurse care managers
to improve clinical outcomes among patients with hypertension
and MCC. It also leverages strong technical support resources
from a large academic medical center. Findings from this
real-world implementation of evidence bode well for further
dissemination. Furthermore, reservations about patient capacity
to operate technology are swiftly being addressed through the
development of increasingly passive, discrete wearable sensors,
such as rings [38]. Further technological developments promise
an increasingly frictionless deployment of RPM programs.

Limitations
This study has several limitations. First, while patient fixed
effects were included to control for time-invariant heterogeneity,
unmeasured confounders could have influenced the results.
Second, for ethical reasons, the study eschewed an experimental
design using randomization, as this would prevent patients
randomized into a control group from receiving optimal care
as recommended by their PCP. Although this represents a
methodological limitation, it mirrors real-world conditions in
which embedding RPM into routine care is an organizational
priority, given the existing evidence supporting team-based
practice assisted by RPM [39]. However, it is possible that
patients referred to the program during the study period might
differ systematically from those who were not in some
unanticipated way. Third, the generalizability of findings from
active participants is restricted to that group, as it is possible

that they are more motivated, more comfortable with using
digital technology, or healthier. However, findings based on all
referred patients may be more broadly generalizable to referred
individuals. Fourth, patient adherence varied across patient
groups, which affects the ongoing effectiveness of the RPM
program in addressing health disparities and equity. It is
plausible that sicker patients may be less likely to adhere due
to the complex tasks of managing their health. Finally, the digital
health program was implemented as a team-based care model
supported by technology. Importantly, this study does not
attribute the observed reduction in BP solely to the technological
component of RPM.

Conclusions
This study contributes to the growing literature emphasizing
that EHR-integrated RPM with a team-based management
approach is associated with better clinical outcomes among
patients with uncontrolled hypertension and MCC. As health
systems adopt more value-based care models, programs such
as these can leverage the broad adoption of EHRs, nurse care
managers working alongside PCPs, and the proliferation of
digital RPM devices to drive better population-level outcomes.
The lower adherence rates among patients with MCC highlight
a clear mandate for RPM technology development; solutions
must offer maximal ease of use to effectively accommodate the
complexity of managing MCC.
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Abstract

Background: Efforts to improve diversity in clinical trials often prioritize recruitment based on broad demographic factors.
This approach may overlook the influence of community context and health-related social needs on health behaviors, including
sodium intake, a key modifiable risk factor for hypertension and cardiovascular disease.

Objective: This study aims to assess the impact of enrollment site, sociodemographic factors, and health-related social needs
on baseline dietary sodium intake among participants in a mobile health clinical trial aimed at lowering blood pressure.

Methods: The myBPmyLife study is a prospective, randomized controlled trial evaluating a mobile health intervention to lower
blood pressure through increased physical activity and lower sodium food choices. Participants with hypertension were recruited
from a university health system and a federally qualified health center (FQHC). All participants completed a validated sodium
screener at enrollment. Sociodemographic data and health-related social needs were self-reported. Univariable and multivariable
linear regression models were used to evaluate the associations between sodium intake and participant characteristics. This analysis
presents a cross-sectional examination of the baseline characteristics of participants enrolled in the myBPmyLife study.

Results: Among 600 included participants, 96 (16.0%) were from the FQHC. Mean age was 60.1 (SD 13.5) years; 48.2%
(289/600) were women, and 13.0% (78/600) were Black. FQHC participants were significantly younger (mean age 47.9, SD 11.1
vs 62.5, SD 12.7 years), more likely to be Black (43/96, 44.8% vs 35/504, 6.9%), and 8.5 times more likely to have difficulty
paying for their health-related social needs. Mean baseline sodium intake was 3082.3 (SD 1072.5) mg/day, with 85.5% (513/600)
of participants exceeding the World Health Organization’s recommended daily sodium limit. Baseline sodium intake was
significantly higher for FQHC participants (mean difference 381.1, SD 1064.2 mg/d; 95% CI 84.5-677.7; P=.01), men (mean
difference 543.9, SD 1038.3 mg/d; 95% CI 377.3-710.5; P<.001), Black participants (mean difference 442.5, SD 1043.4 mg/d;
95% CI 119.7-765.3; P=.008) and those with difficulty affording basic needs (mean difference 338.1, SD 1066.7 mg/d; 95% CI
95.2-581.0; P=.02). Sodium intake was lower in older participants (−196.4 mg/d per 10 years; 95% CI −258.0 to −134.9; P<.001).
In a multivariable analysis, age, gender, and race remained independently associated with sodium intake, while differences by
site and health-related social needs were not statistically significant.

Conclusions: Differences in sodium intake were observed across sociodemographic groups. While the enrollment site was not
independently associated with sodium intake after adjustment, it played a role in shaping the participant population, evidenced
by the differences in demographics and health-related social needs among participants based on enrollment site. These findings
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underscore the importance of recruiting from distinct clinical settings to capture a range of contextual factors that influence health
behaviors. Clinical trials aiming for representativeness should consider both individual- and community-level factors during
recruitment to more accurately inform interventions and health outcomes.

Trial Registration: ClinicalTrials.gov NCT05154929; https://www.clinicaltrials.gov/study/NCT05154929

(JMIR Cardio 2025;9:e71343)   doi:10.2196/71343

KEYWORDS

sodium consumption; clinical trial; hypertension; cardiovascular diseases; blood pressure; dietary sodium; sociodemographic
factors

Introduction

There is an increasing focus on recruiting diverse participants
for clinical trials to ensure representative study populations
[1-3]. These recruitment strategies mainly aim to include diverse
populations based on standard demographic characteristics such
as gender, race, age, and ethnicity. For instance, these factors
have been linked to dietary sodium intake [4-11], a major
contributor to hypertension and cardiovascular disease
development [12,13]. However, concentrating solely on these
broad participant characteristics of underrepresented groups
may overlook the influence of community-level differences on
health outcomes, as women, Black individuals, or older patients
from one community may differ from those of similar
backgrounds in another.

Although there is an increased understanding of how individual
demographic factors influence health behaviors, a knowledge
gap remains regarding how the context of recruitment settings
and related community-level factors affect both participant traits
and baseline health behaviors such as sodium intake in clinical
trials. Thus, exploring differences between site characteristics
and health outcomes can improve our understanding of
population diversity and aid in developing targeted interventions.

This analysis contributes to this topic by analyzing a cohort of
patients with hypertension recruited into the myBPmyLife
clinical trial. This trial is well suited to investigate this question,
as it included community members from 2 distinct clinical
settings: a large, academic university health system and a
federally qualified health center (FQHC) clinic. Notable
population-level differences were observed between the 2
clinical settings during the trial, including the requirement for
study team resources during recruitment and health-related
social needs [14]. By analyzing sodium intake at baseline in a
diverse participant group, we aimed to understand the impact
of demographic characteristics, health-related social needs, and
enrollment site on dietary sodium consumption within a mobile
health (mHealth) clinical trial.

Methods

Study Design
The myBPmyLife study is a prospective, randomized controlled,
remotely administered trial (ClinicalTrials.gov NCT05154929).
Participants with hypertension were recruited from Michigan
Medicine in Ann Arbor, MI, and the Hamilton Community
Health Network in Flint, MI. Participants were randomly

assigned to the intervention group, which received an mHealth
intervention promoting increased physical activity and lower
sodium food choices, or to the control group. This analysis
reports on a secondary study objective: understanding sodium
intake in hypertensive individuals with diverse
sociodemographic characteristics. It is a baseline analysis of
data collected from participants prior to randomization, and as
such, all participants, regardless of study group, are included.
The full study protocol and results for the primary trial outcomes
have been published [15,16]. The authors are solely responsible
for the design and conduct of the study, all study analyses, and
drafting and editing of the paper.

Eligibility
The study was designed to recruit patients with self-reported
hypertension who could safely be physically active and reduce
their sodium intake. Patients were considered eligible if they
were 18 years of age or older with self-reported hypertension,
had no hypertensive medication changes in the prior 4 weeks,
and had a compatible smartphone. Exclusion criteria included
contraindications to physical activity or sodium restriction, a
secondary cause of hypertension, and a sodium consumption
of <1500 mg/day as estimated by the NutritionQuest Sodium
Screener (NutritionQuest), which was completed by all potential
participants following informed consent. Full inclusion and
exclusion criteria are available in Table S1 in Multimedia
Appendix 1. In addition, 2 participants listed their gender as
“other.” Due to the extremely limited sample size within this
category and the resultant inability to perform meaningful
statistical analyses or draw robust conclusions regarding this
subgroup, these participants were excluded from this
cross-sectional analysis.

Trial Procedures
The myBPmyLife study launched in December 2021.
Participants were recruited from Michigan Medicine and the
Hamilton Community Health Network. Michigan Medicine is
a large quaternary referral center. Its facilities are primarily
located within Ann Arbor, with a median household income of
US $84,245 and a 13.8% poverty rate. In contrast, the Hamilton
Community Health Network is an FQHC network in Flint, MI,
and delivers primary care services. Flint, MI, has a median
household income of US $35,451, with a poverty rate of 33.3%,
over double the poverty rate of Ann Arbor [17].

Recruitment varied by study site. The International
Classification of Diseases, Tenth Revision (ICD‐10) code I10
identified participants at both sites. Potentially eligible
participants were recruited using weekly emails and text
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messages. Participants were preferentially recruited if they had
an upcoming appointment at the Hamilton Community Health
Network or with a Michigan Medicine primary care physician.
The study intervention focused on delivering push notifications
tailored to the participants to promote physical activity and the
selection of lower-sodium food choices. The study mobile app
provided feedback on participants’progress toward these goals.

Data Collection and Study End Points
All participants were required to download the MyDataHelps
mobile app, a commercially available research app developed
by CareEvolution. After completing the informed consent
process, participants used the app to complete the NutritionQuest
Sodium Screener. Participants with an estimated sodium intake
of less than 1500 mg/day were excluded from the study. The
NutritionQuest Sodium Screener is a 26-item screener developed
from 24-hour recall data from adults in the National Health and
Nutrition Examination Survey (NHANES) from 2007 to 2008.
For this screener, foods contributing to 80% of sodium intake
are included, with survey respondents asked to rate the
frequency at which they consume each of the foods over the
prior 24 hours. This sodium screener has previously been
validated in 2 studies as compared to 24-hour dietary recall with
good correlation noted [18,19].

Patient-reported surveys were used to obtain sociodemographic
characteristics, health-related social needs, and medical
comorbidities. Specifically, health-related social needs were
determined by the question, “How hard is it for you to pay for
the very basics like food, housing, medical care, and heating?”
Audio and video calls were used to collect medication data and
to confirm sociodemographic information when necessary due
to technical issues.

Statistical Analysis
Baseline sociodemographic characteristics are described as
means and SDs for continuous symmetric variables and medians
with IQRs for skewed continuous variables. Categorical
variables are presented as counts and percentages. We performed
2-tailed Student t tests to compare continuous variables and the
chi-square test for categorical variables. Age and sodium intake
were coded as continuous variables, with all other
sociodemographic categories coded as categorical variables.

We performed a series of univariable and multivariable
generalized linear models to estimate associations between key
sociodemographic and clinical characteristics and sodium intake.
Features within multivariable models were selected a priori
based on clinical expertise and the available literature and
included clinical setting, age, gender, race, and health-related
social needs. Subsequently, stratified models were developed
for each clinical setting. The confidence level for the lower and
upper confidence limits was set at 95%. Statistical analysis was

completed using Statistical Analysis System version 14.2 (SAS
Institute).

Ethical Considerations
The University of Michigan Institutional Review Board
(HUM00205845) approved the study. Informed consent was
obtained for all participants after the nature and possible
consequences of the study were explained, in compliance with
local, institutional, and national regulations on research
involving human participants. Informed consent was obtained
by telephone, with the option to use videoconferencing as
needed, with the consent form signed within the MyDataHelps
mobile app. Study data were aggregated and published in a
deidentified fashion. Incentives for participation included a
financial incentive of US $100 split over 2-month time points
and the ability to keep the study-provided smartwatch and blood
pressure cuff, contingent on survey completion and engagement
with the mobile intervention for at least 2 months.

Results

Study Population
Between December 2021 and July 2023, 752 patients consented
to participate in the myBPmyLife study. A CONSORT
(Consolidated Standards of Reporting Trials) diagram for this
study can be found in Figure 1. Of these 752 patients, 150 were
ineligible, with 128 excluded for having a baseline sodium
intake of <1500 mg/day, 13 from the FQHC, and 115 from the
university health system. Participants who were ineligible due
to a sodium intake of <1500 mg/day were more likely to be
women (89/128; 69.5%), White (98/128; 76.6%), and not
Hispanic (125/128; 97.7%) (Table S2 in Multimedia Appendix
1). After exclusions, 602 participants enrolled in the study. Two
participants reported their gender as “other” and were excluded
from subsequent analyses due to the limited sample size. Of the
remaining 600 participants, 96/600 (16.0%) were from the
FQHC. Participants’ mean age was 60.1 years (SD 13.5),
289/600 (48.2%) self-identified as women, and 78/600 (13.0%)
self-identified as Black. With regard to comorbidities, 28/600
(4.7%) participants reported a history of chronic kidney disease,
267/600 (44.5%) reported a history of hyperlipidemia, 118/600
(19.7%) reported a history of depression, 43/600 (71.7%)
reported a history of atrial fibrillation or atrial flutter, 16/600
(2.5%) reported a history of stroke, and 134/600 (22.3%)
reported a history of diabetes. FQHC participants were
significantly younger than university health system participants
(47.9, SD 11.1 vs 62.5, SD 12.7 years) and more likely to be
Black (43/96, 44.8% vs 35/504, 6.9%) and women (61/96,
63.5% vs 228/504, 45.2%) (Table 1). In addition, 56.3% (54/96)
of FQHC participants reported at least some difficulty paying
for “the very basics like food, housing, medical care, and
heating” compared to 6.6% (33/504) of the university health
system participants.
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Figure 1. Consolidated Standards of Reporting Trials (CONSORT) diagram for the myBPmyLife trial.
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Table . Participant characteristics stratified by study site.

P valueTotal (N=600)FQHCa (n=96)University health system
(n=504)

<.00160.1 (13.5)47.9 (11.1)62.5 (12.7)Age (years), mean (SD)

.001Gender, n (%)

289 (48.2)61 (63.5)228 (45.2)Women

311 (51.8)35 (36.5)276 (54.8)Men

<.001Race, n (%)

446 (74.3)44 (45.8)402 (79.8)White

78 (13.0)43 (44.8)35 (6.9)Black

76 (12.7)9 (9.4)67 (13.3)Otherb

.94Ethnicity, n (%)

18 (3.0)3 (3.1)15 (3.0)Hispanic

Health-related social needs question, n (%)

<.001    How hard is it for you to pay for the very basics such as food, housing, medical care, and heating?

513 (85.5)42 (43.8)471 (93.5)        Not hard at all

78 (13)47 (49)31 (6.2)        Somewhat hard

9 (1.5)7 (7.3)2 (0.4)        Very hard

aFQHC: federally qualified health center.
bOther: Asian, American Indian, Native Hawaiian, Other Pacific Islander, multiple, other, or refused to answer.

Factors Associated With Elevated Sodium Intake
Most study participants consumed more than the World Health
Organization–recommended 2000 mg of sodium daily (513/600,
85.5%) [20]. The study cohort’s mean sodium intake was 3082.3
(SD 1072.5) mg/day, ranging from 1503 to 8886 mg/day (Table
2; Figure S1 in Multimedia Appendix 1). Sodium intake was
3021.4 (SD 987.5) mg/day for university health system
participants compared to 3402.5 (SD 1402.2) mg/day for FQHC
participants.

Sodium intake varied across sociodemographic characteristics.
Notably, sodium intake was lower in older participants compared
to younger participants. Sodium intake was significantly higher
in men compared to women and in Black compared to White
participants. Finally, participants who reported it was “somewhat
hard” or “very hard” to pay for health-related social needs such
as food, housing, medical care, and heating consumed
significantly more dietary sodium than those who found it “not
hard” to pay for those items(Table 2).
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Table . Univariable analysis of sodium intake based on sociodemographic characteristics and site of enrollment.

P value95% CIMeanCharacteristics

Clinical setting

0.012934.9 to 3107.83021.4 (987.5)University Health System

N/Ab3118.4 to 3686.63402.5 (1402.2)FQHCa

<.001-258 to -134.9−196.4 (768.9)Age (per 10 years)

Gender

<.0012686.4 to 2914.52800.4 (985.3)Women

N/A3223.2 to 3465.43344.3 (1085.2)Men

Race

N/A2931.1 to 3112.53021.8 (974.3)White

0.0083154 to 3774.63464.3 (1376.3)Black

0.922771.9 to 3319.43045.6 (1197.9)Otherc

Ethnicity

N/A3002.2 to 3176.73082.9 (1067.6)Non-Hispanic

0.922440.5 to 3689.33064.9 (1255.6)Hispanic

Health-Related Social Needs Question

How hard is it for you to pay for the very basics like food, housing, medical care, and heating?

0.023091.4 to 3651.53371.4 (1313.9)Somewhat hard/very hard

N/A2944.9 to 3121.73033.3 (1019.3)Not hard

aFQHC: federally qualified health center.
bNot applicable.
cAsian, American Indian, Native Hawaiian, Other Pacific Islander, multiple, other, or refused to answer.

A multivariable model was also constructed to understand the
relative contributions of sociodemographic characteristics to
dietary sodium intake (Table 3). As in the univariable analyses,
sodium intake was lower in older individuals and was higher

in men and Black participants. However, there was no significant
difference in sodium intake between clinical settings or
health-related social needs after accounting for these other
factors (Table 3).
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Table . Multivariate analysis of sodium intake for the entire cohort and distributed by clinical setting.

FQHCaUniversity health systemEntire cohort

P valueUCLLCLEstimateP valueUCLLCLEstimateP valueUCLcLCLbEstimate

<.001−214.8−686.8−450.8.003−36.5−172.4−104.4<.001−86.9−221−153.5Age (per
10 years)

How hard is it for you to pay for the very basics such as food, housing, medical care, and heating?

.50341.4−705.3−181.9.09248.1−641.2−296.6.2197.4−441.9−172.2Not hard

————————————dSome-
what
hard or
very hard

Race

.13947.9−121.2413.3.11599.6−61.8268.9.02579.244.4311.8    Black

.62723.6−1213.1−244.8.54171.2−325.3−77.0.29113.9−382.2−134.1    Othere

————————————    White

Ethnicity

.522070.7−1037.4516.7.85536.1−442.247.0.50642.3−313.3164.5    Non-
Hispanic

————————————    Hispan-
ic

Gender

.005−252.0−1315.5−783.8<.001−360.6−698.1−529.3<.001−400.9−731.0−565.9    Wom-
en

————————————    Men

Clinical
setting

————————.72335.2−231.551.9FQHC

————————————Universi-
ty health
system

aFQHC: federally qualified health center.
bLCL: lower confidence limit.
cUCL: upper confidence limit.
dNot applicable.
eAsian, American Indian, Native Hawaiian, Other Pacific Islander, multiple, other, or refused to answer.

Discussion

Principal Findings
Understanding the impact of demographic factors, health-related
social needs, and enrollment sites on outcomes in mHealth
clinical trials is relevant to ensuring enrollment of diverse patient
populations. Ultimately, ensuring the recruitment of
representative cohorts is crucial to shaping accurate health data
for future clinical care. In this contemporary trial, sodium intake
was significantly higher in younger participants, men, Black
participants, and those who had difficulty paying for
health-related social needs. Many of these differences in sodium
intake are both statistically and clinically significant, as data
show that reducing daily sodium intake by just 400 mg
significantly impacts population-level cardiovascular events
and mortality [21]. In addition, we found significant differences

in sodium intake between our 2 study sites. However, the impact
of the enrollment site on sodium intake was minimized after
accounting for demographic characteristics and health-related
social needs, indicating that these factors play a crucial role in
study outcomes. Ultimately, this study highlights the unique
influence of recruitment settings on clinical trial participant
diversity and baseline health behaviors, specifically sodium
intake. While the enrollment site was not independently
associated with sodium intake after adjusting for individual
factors, it serves as a crucial contextual indicator for underlying
demographic and socioeconomic influences on health behaviors.
This underscores the importance of considering
community-specific factors and health-related social needs
beyond broad demographic categories when recruiting for trials.
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Comparison to Prior Work
In the multivariable models of this study, only age and sex
remained significantly associated with sodium intake. These
findings are consistent with prior studies, including data from
NHANES for the years 1999‐2016, which have shown that
younger adults and men tend to consume more sodium, in part
due to differing dietary preferences and behavioral patterns
[4-8,22]. While race and health-related social needs were both
associated with sodium intake in unadjusted analyses, these
associations attenuated in adjusted models, suggesting that their
effects may be mediated or confounded by other covariates. It
is also possible that our binary measure of health-related social
needs did not fully capture the complexity of socioeconomic
disadvantage. Notably, 1999‐2016 NHANES data also do not
show a difference in sodium intake by income level, but do note
higher sodium intake in White individuals compared to Black
individuals, which contrasts with our findings. Despite the lack
of independent statistical significance in our adjusted models,
it is possible that structural and contextual differences, such as
those captured by study site, still play a meaningful role in
shaping dietary behavior and access to healthy food, particularly
given the large disparities observed in unadjusted comparisons.

Research into how community context affects health outcomes,
known as “neighborhood effects on health,” is a growing area
of investigation [23]. It examines how factors such as poverty,
walkability, and food accessibility affect health outcomes in a
specific community and, from that, what location-specific
interventions are optimal for promoting population health. Many
studies show that neighborhood or community context
adjustments often diminish racial and ethnic differences in health
research [24-27]. Notably, in our study, 56.3% (54/96) of the
FQHC cohort reported at least some difficulty paying for
necessities compared to 6.6% (33/504) of university health
system participants. In Flint, MI, where the FQHC is located,
a large part of the community is a food desert, defined as a
low-income area with at least 500 people, or 33% of the
population, living more than 1 mile from the nearest supermarket
[28]. In light of this, it is not surprising that individuals from
the FQHC, whose primary mission is to provide care for all
individuals regardless of their ability to pay for services [29],
were more likely to experience difficulty in paying for
health-related social needs compared to individuals from the
university health system located in a comparatively more
affluent area. These community factors and decreased access
to healthy food options also likely affected sodium intake in
FQHC participants.

Study Strengths and Limitations
This study has multiple strengths. First, the enrollment of
participants from a large university health system and an FQHC
significantly augmented the diversity of our patient population.
These varied enrollment sites allowed for a nuanced analysis
of the role of clinical and community-based factors in health
outcomes. Second, the study design, which did not necessitate
in-person visits, expanded the participant pool beyond those
traditionally enrolled in clinical trials. Finally, there were high
response rates as baseline surveys were completed with the
study coordinators.

There are several relevant limitations to this study as well. First,
participants were required to own a smartphone capable of
downloading study software, excluding 22 potential participants.
While smartphone ownership in the United States is high
(approximately 90%) [30], this criterion may still bias the study
population toward more technologically resourced individuals.
Future trials may consider expanding study participation through
loaner phones. Second, participants were required to consume
>1500 mg/day of sodium to be eligible for the study, excluding
individuals who are already meeting the suggested dietary
sodium goals. Third, key data, including sodium intake and
sociodemographic characteristics, were self-reported. This
introduces the possibility of recall bias and systematic bias, both
intake-related and person-specific, as previously noted in food
frequency questionnaires [31]. To mitigate this, we used a
validated sodium screener. However, this screener also requires
subjective reporting of dietary intake, and previous studies have
noted that women tend to underreport their intake. This may
account for the gender-specific differences observed in sodium
intake [32]. Objective measures such as 24-hour urinary sodium
or medical record review could further enhance data accuracy
in future studies. Fourth, we did not adjust for total energy intake
or BMI, which may partially explain higher sodium intake in
certain subgroups due to greater caloric needs. However, the
persistence of significant differences by race and health-related
social needs suggests that other social and contextual factors
may contribute to sodium intake. Fifth, we did not collect data
on factors such as income, employment, insurance, or marital
status, which could provide further insight into the relationship
between socioeconomic factors and sodium intake. Finally, our
study used a cross-sectional design, which precludes causal
inference and the establishment of temporal relationships. Our
findings demonstrate associations, but not causality; longitudinal
studies are needed to explore causal pathways.

Future Directions
Clinical trials aiming for representative populations must
consider how site-level recruitment strategies shape participant
characteristics and influence health behaviors. This study
emphasizes the community-specific factors that significantly
impact health-related outcomes and calls for mHealth
researchers to also consider the community and clinical settings
from which participants are recruited when considering
diversity. In addition, future studies should collect
comprehensive data on food environment and accessibility to
further elucidate their impact on dietary behaviors and enhance
our understanding of how these contextual factors influence
trial participant characteristics and health outcomes. By doing
so, we can move away from simplistic race, gender, and
age-based comparisons for intervention and recruitment
strategies and develop a more nuanced methodology that reflects
the intricate interplay between community factors, health-related
social needs, and health outcomes. This approach aligns with
recent calls from the National Academies of Sciences to
critically re-evaluate the use of race and ethnicity in biomedical
research, advocating for a focus on underlying social and
environmental determinants rather than using these categories
as proxies for biological differences [33].
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Conclusions
In this clinical trial of an mHealth intervention, we observed
significant differences in sodium intake among participants with
variability across clinical sites and according to demographic
characteristics and health-related social needs. The differences
between the 2 clinical settings from which participants for this
trial were recruited are limited examples, though they highlight

striking differences between the groups. Although adjustment
for demographic and health-related social needs minimized
differences in sodium intake between sites, these broad
stratifications do not fully account for the differences between
these 2 communities. These findings highlight that the
composition of trial populations, and thus trial outcomes, can
be shaped by the recruitment setting.
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Abstract

Background: Resistant hypertension (RH) presents significant clinical challenges, often precipitating a spectrum of cardiovascular
complications. Particular attention recently has focused on the role of matrix metalloproteinase-2 (MMP-2) gene polymorphisms,
implicated in hypertensive target organ damage (TOD). Despite growing interest, the specific contribution of MMP-2 polymorphisms
to such damage in RH remains inadequately defined.

Objective: This study is the first to examine the rs243865 (−1306C>T) polymorphism in the MMP-2 gene in the Vietnamese
population and patients with RH, underscoring its critical role as a genetic determinant of TOD.

Methods: A cross-sectional study with both descriptive and analytical components was conducted with 78 patients with RH at
the Can Tho Central General Hospital and Can Tho University of Medicine and Pharmacy Hospital from July 2023 to February
2024.

Results: More than three-quarters of patients with RH had carotid-femoral pulse wave velocity (PWV) >10 m/s and
microalbuminuria at a prevalence of 79% (62/78) and 76% (59/78), respectively, and more than half of patients with RH had left
ventricular mass index, relative wall thickness, and carotid artery stenosis with a prevalence of 56% (45/78), 55% (43/78), and
53% (41/78), respectively. Of the 78 studied patients with RH, the presence of genotype CC was 77% (60/78), genotype CT
accounted for 21% (16/78), and genotype TT for 3% (2/78). The presence of single nucleotide polymorphism rs243865 (−1306C>T)
with allele T was 23% (18/78). The MMP-2 gene polymorphism 1306C/T (rs243865) was significantly associated with ejection
fraction and carotid artery stenosis with odds ratios (ORs) 8.1 (95% CI 1.3‐51.4; P=.03) and 4.5 (95% CI 1.1‐20.1; P=.048),
respectively. The allele T was found to be significantly associated with arterial stiffness including brachial-ankle PWV and
carotid-femoral PWV with the correlation coefficient of OR 2.2 (95% CI 0.6‐3.8) and OR 1.8 (95% CI 0.5‐3.2), respectively.

Conclusions: The MMP-2 gene polymorphism rs243865 (−1306C>T) may have an association with measurable TOD in RH.

(JMIR Cardio 2025;9:e71016)   doi:10.2196/71016

KEYWORDS

resistant hypertension; matrix metalloproteinase-2; gene polymorphism; target organ damage; arterial stiffness

Introduction

Resistant hypertension (RH) is characterized by the inability to
achieve optimal blood pressure (BP) control despite the
administration of maximum tolerated doses of antihypertensive
medications, including a diuretic. This condition presents a
significant clinical challenge, as it is influenced by a multitude
of genetic, environmental, and pathophysiological factors that
contribute to persistent hypertension. RH is closely associated
with severe target organ damage (TOD), which includes damage
to the heart, kidneys, and vasculature, significantly increasing
the risk of cardiovascular events and mortality. Despite

advancements in antihypertensive therapies, approximately 70%
of patients with hypertension fail to achieve recommended BP
targets, underscoring the complexity of this condition [1].

Among the molecular mechanisms contributing to RH, matrix
metalloproteinases (MMPs), particularly the gelatinase family
(MMP-2, MMP-9), have garnered considerable attention. These
enzymes play a critical role in extracellular matrix (ECM)
remodeling, a process essential to the pathogenesis of several
cardiovascular diseases such as coronary artery disease,
arteriosclerosis, and systemic hypertension [2]. MMP-2, in
particular, has been implicated in the remodeling of
cardiovascular tissues, contributing to vascular stiffness and
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fibrosis, both of which are key contributors to RH and TOD
[3]. Recent studies have focused on the genetic variants of the
MMP-2 gene, especially single nucleotide polymorphisms
(SNPs), and their potential role in the development and
progression of cardiovascular diseases [4-6]. These genetic
polymorphisms are believed to modulate MMP-2 expression
and activity, thereby influencing the extent of cardiovascular
remodeling and associated TOD. Given the growing evidence
linking MMP-2 activity with hypertension-related TOD,
understanding the genetic underpinnings of MMP-2 in RH could
offer new insights into disease mechanisms and therapeutic
targets. The objectives of this study are: (1) to investigate the
clinical characteristics and extent of TOD in patients with RH;
and (2) to determine the polymorphisms of the MMP-2 gene
and assess their association with TOD in patients with RH.

Methods

Study Population
This study focused on patients with hypertension admitted to
Can Tho Central General Hospital and Can Tho University of
Medicine and Pharmacy Hospital from July 2023 to February
2024. The study population was divided into 2 groups: patients
with RH and patients with well-controlled hypertension. The
diagnosis of RH followed the 2021 guidelines of the Vietnam
Hypertension Society [7].

Sample Size

Overview
To achieve the objective: “Determining the polymorphism of
rs243865 and its association with TOD in patients with RH,”
we used the formula for estimating a single proportion. The
sample size was estimated using the following formula:

n=Z1−a/22p(1−p)d2

where n=required sample size; Z=z score corresponding to a
95% CI (z=1.96); d=desired margin of error (chosen as d=0.1);
and p=proportion of patients carrying the minor allele T in the
RH group, estimated at 25%.

Applying the values to the formula yielded a required sample
size of 72 patients with RH. In practice, 78 patients were
enrolled.

Inclusion Criteria
Adults aged 18 years or older diagnosed with RH, defined as
the failure to achieve target BP (systolic <140 mm Hg or
diastolic <90 mm Hg) despite the use of optimal or best-tolerated
doses of 3 or more antihypertensive medications, including a
diuretic, with BP inadequately controlled as confirmed through
home or ambulatory BP monitoring, and without secondary
causes of hypertension or evidence of pseudoresistant
hypertension.

Exclusion Criteria
Patients were excluded from the study if they had any of the
following conditions: acute medical emergencies, active
autoimmune diseases or ongoing immunosuppressive therapies,
cancer or other malignant conditions, secondary hypertension

confirmed by clinical and laboratory examinations, pregnancy
or chronic kidney disease (CKD), or if they refused to participate
or demonstrated nonadherence to the medication regimen.

Methodological Approach

Design Framework
The study used a cross-sectional, descriptive-analytic design to
investigate the association between the SNP rs243865
(−1306C>T) in the MMP-2 gene and RH versus nonresistant
hypertension. Patients were recruited from 2 hospitals from July
2023 to February 2024. Patients were classified into resistant
and nonresistant hypertension groups according to the European
Society of Cardiology criteria for RH.

Sampling Strategy
Nonprobability convenience sampling method was used. Patients
meeting inclusion criteria were recruited consecutively upon
admission to the cardiology and internal medicine departments.
Trained research assistants approached patients daily, explained
the study objectives, and obtained informed consent prior to
enrollment. Convenience sampling was selected due to logistical
feasibility and time constraints.

Research Protocol and Variables

Demographic and Risk Factors
Data were systematically collected regarding the following risk
factors and comorbid conditions, clearly defined based on
standard clinical criteria:

• Diabetes mellitus: defined as having a documented
diagnosis of diabetes, or current use of antidiabetic
medications, or fasting plasma glucose ≥126 mg/dL, or
HbA1c≥6.5%.

• Overweight or obesity: defined according to BMI
classification, with overweight as BMI≥25 kg/m² and
obesity as BMI≥30 kg/m², calculated from measured height
and weight.

• Smoking status: categorized as smoker (currently smoking
≥1 cigarette per day or having ceased smoking for at least
6 mo prior to enrollment), or nonsmoker (no lifetime
smoking).

• History of heavy drinking: defined according to the National
Institute on Alcohol Abuse and Alcoholism guidelines as
consumption of ≥14 drinks per week for men or ≥7 drinks
per week for women, or a documented history of alcohol
use disorder.

These data were obtained through structured patient interviews
and cross-verified by medical records to ensure accuracy and
consistency.

Clinical and Hemodynamic Parameters

Overview

BP and pulse pressure were measured using the BOSO ABI-100
system in all patients to minimize errors, with measurements
taken at least twice in a seated position after 5 minutes of rest;
pulse pressure was calculated as the difference between systolic
and diastolic BP [8]. A 24-hour ambulatory BP monitoring
device was used to assess mean systolic and diastolic BP,
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nocturnal dipping, and early morning BP surge. The resting
heart rate was measured manually or with a digital monitor.
Blood samples were collected to determine serum levels of urea,
creatinine, and electrolytes, including sodium, potassium, and
chloride. TOD was evaluated across several key organs, with
specific diagnostic criteria used to define damage in each organ
system.

Cardiac Damage

Left ventricular hypertrophy (LVH) was assessed using
echocardiography, with the left ventricular mass index (LVMI)
calculated. According to the European Society of Cardiology
guidelines, LVH was defined as LVMI >95 g/m² for women
and LVMI >115 g/m² for men. Electrocardiogram criteria for
LVH, such as the Sokolow-Lyon and Cornell voltage criteria,
were also used as secondary diagnostic tools [1].

Left ventricular ejection fraction (EF), a key indicator of cardiac
function, was measured via echocardiography. EF was classified
as normal (≥50%), mildly reduced (41%‐49%), moderately
reduced (30%‐40%), or severely reduced (<30%). All the
echocardiography is made via Siemens Acuson X300 ultrasound
machine.

Brain Damage

Brain damage was assessed through imaging techniques,
including computed tomography and magnetic resonance
imaging. The presence of any of the following conditions was
considered indicative of brain damage: white matter lesions,
cerebral microbleeds, lacunar infarctions, and dilated
perivascular spaces.

A history of stroke or transient ischemic attack was also
considered as evidence of brain damage.

Renal Damage

Renal damage was assessed using the urinary
albumin-to-creatinine ratio. This method evaluates kidney
function by measuring albumin excretion in the urine.

Renal damage was defined as an albumin-to-creatinine ratio of:
normal to mildly increased (<30 mg/g); moderately increased
(30‐300 mg/g); and severely increased (>300 mg/g).

Patients with a history of CKD stage 4 or 5, or renal failure
(estimated glomerular filtration rate<30 mL/min/1.73 m²), were
excluded from the study to avoid confounding factors related
to advanced renal failure.

Vascular Damage

Vascular stiffness was assessed using pulse wave velocity
(PWV), defined as the speed at which arterial pressure waves
move along the vessel wall, with a PWV >10 m/s being
indicative of vascular damage via the BOSO ABI-100 system.
The ankle-brachial index (ABI) was also measured using the
BOSO ABI-100 system. ABI is defined as the ratio of the
systolic BP measured at the ankle to the systolic BP measured
at the brachial artery. An ABI of ≤0.9 was indicative of
peripheral arterial disease and thus considered a sign of vascular
damage.

Carotid artery damage was assessed using ultrasound to measure
carotid intima-media thickness. Carotid stenosis was defined

as the presence of plaques that caused a ≥50% reduction in the
arterial lumen or if the intima-media thickness was ≥0.9 mm.
Significant stenosis was confirmed through Doppler ultrasound
via Siemens Acuson X300 ultrasound machine.

MMP-2 Gene Polymorphism Analysis

Sequencing Technique
A 4 mL blood sample was collected into
ethylenediaminetetraacetic acid–coated tubes and stored at 2
°C until used for DNA extraction and analysis. The SNP
genotype was determined using 2 direct sequencing methods.

Principle
The sequencing technique was carried out using an automated
sequencer based on a modified Sanger method. In this method,
the dideoxynucleotide triphosphates are not radioactively labeled
but are tagged with different fluorescent dyes for each type of
dideoxynucleotide triphosphate. The automated sequencer
comprises key components such as a capillary system, a laser
illumination system, and a signal detection and processing
system. The capillary electrophoresis bands emit light as they
pass through a laser beam, and the color detection system
records and encodes the nucleotides as A, T, C, or G.

Main Steps in Sequencing
DNA extraction was performed using the Qiagen DNA
extraction kit (Qiagen, Hilden, Germany), following the
manufacturer’s protocol. The target region containing the SNP
was then amplified via polymerase chain reaction (PCR). The
PCR products were visualized through agarose gel
electrophoresis, and subsequently purified using the Qiagen
PCR purification kit (Qiagen, Hilden, Germany). Sequencing
of the purified PCR products was carried out using the modified
Sanger method. Capillary electrophoresis was performed on a
Beckman Coulter CEQ8000 sequencer. The sequence data were
further analyzed using the ABI 3500 Genetic Analyzer (Applied
Biosystems, Foster City, California, United States). Sequence
processing and SNP analysis were conducted with SeqScape
software (version 2.7; Applied Biosystems). The results were
interpreted by comparing the identified SNP locations with the
corresponding reference sequences retrieved from the National
Center for Biotechnology Information database.

Method
Sequencing was performed using the Beckman Coulter
CEQ8000 sequencer.

Statistical Analysis
The dataset underwent statistical treatment using Stata (version
15.1; StataCorp) and was articulated through frequency
distribution (for qualitative variables), and mean (SD; for
quantitative measures). Comparison for qualitative data was
made by chi-square tests and by 2-tailed Student t tests for
quantitative data. A significance level of .05 was used for all
tests to establish statistical significance. Stepwise multiple
regression analysis with inclusion at the .01 level was used to
evaluate the influence of gen rs243865 (−1306C>T) on targeted
organ damage adjusted by clinical and subclinical
characteristics. To estimate the relationship between MMP-2
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gene SNPs and TOD, odds ratio and its 95% CI were calculated
for binary TOD variables including echocardiogram EF and
carotid artery stenosis. Regression coefficients (β reg coef.) and
its 95% CI were calculated for continuous TOD variables
including brachial-ankle PWV (m/s) and carotid-femoral PWV

(cfPWV; m/s). The squared correlation coefficient (R2) was
calculated for the proportion of variance explained by the model.

Ethical Considerations
The study was approved by the Ethics Council in Biomedical
Research, Can Tho University of Medicine and Pharmacy,
through the research ethics approval form 23.006.NCS/HĐĐĐ
dated June 15, 2023, before data collection. The study was also
licensed to be conducted at Can Tho Central General Hospital
and Can Tho University of Medicine and Pharmacy Hospital.
The study was conducted with the consent of the participants
through the consent form. The process of interview and the

implementation of testing techniques were conducted
conveniently and comfortably for the participants, not related
to private issues that may affect the health or psychology of the
participants. Participants did not receive any compensation for
their participation. The personal information of the participants
was kept confidential. This study aimed to protect and improve
public health and has no other purpose.

Results

The protocol is presented in the study diagram (Figure 1). In
our analysis of 78 patients with RH, a significant proportion
were female (49/78, 63%), with an average age of 66.7 (SD
14.4) years. The majority of patients (51/78, 65%) were older
than 60 years of age, highlighting the predominance of an older
cohort. Notably, 68% (53/78) of the patients had a history of
hypertension extending beyond 10 years, reflecting the chronic
nature of RH, which complicates BP control (Table 1).
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Figure 1. Study protocol. BP: blood pressure.
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Table . Clinical characteristics of patients with RHa.

Value (N=78), n (%)Clinical characteristics

Sex

29 (37)    Male

49 (63)    Female

Ageb (years)

27 (35)    ≤60

51 (65)    >60

Duration of hypertensionc (years)

53 (68)    ≤10

25 (32)    >10

Blood pressure level

53 (68)    Grades 1 and 2

25 (32)    Grade 3

Diabetes

22 (28)    Yes

56 (72)    No

Overweight or obese

20 (26)    Yes

58 (74)    No

Smoking (current or past history)

24 (31)    Yes

54 (69)    No

History of heavy drinking

25 (32)    Yes

53 (68)    No

Triglycerided (mmol/L)

38 (49)    ≥2.26

40 (51)    <2.26

LDLe (mmol/L)f

24 (31)    ≥3.36

54 (69)    <3.36

Blood lipid disorders

49 (63)    Yes

29 (37)    No

aRH: resistant hypertension.
bAge: mean 66.7 (SD 14.4) years.
cDuration of hypertension: mean 10.3 (SD 5.6).
dTriglyceride: mean 2.85 (SD 2.42)
eLDL: low-density lipoprotein.
fLDL: mean 2.95 (SD 1.28)

Despite treatment adherence, mean systolic and diastolic BP
levels were persistently elevated, averaging 162.5 (SD 29.6)
mm Hg and 92.7 (SD 15.9) mm Hg, respectively. This

underscores the therapeutic challenges posed by RH. Common
comorbidities included diabetes (22/78, 28%) and obesity
(20/78, 26%). Additionally, dyslipidemia was prevalent, with
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high serum triglycerides (38/78, 49%) and low-density
lipoprotein cholesterol (24/78, 31%). The prevalence of TOD
was striking, with 79% (62/78) of patients demonstrating cfPWV
>10 m/s, an indicator of increased arterial stiffness.
Microalbuminuria, found in 76% (59/78) of patients, suggests
significant renal impairment, while over half of the cohort
showed elevated LVMI and increased relative wall thickness,

both markers of adverse cardiac remodeling driven by chronic
hypertension (Table S1 in Multimedia Appendix 1).

The MMP-2 gene polymorphism rs243865 (−1306C>T) was
investigated, revealing that 77% (60/78) of patients carried the
CC genotype, while 21% (16/78) carried the CT genotype, and
3% (2/78) the TT genotype (Table 2). The T allele frequency
was 23% (18/78), potentially highlighting a genetic
predisposition for more severe vascular outcomes in RH.

Table . Distribution of MMP-2a gene polymorphism rs243865 (−1306C>T) in patients with RHb.

Value (N=78), n (%)MMP-2 gene polymorphism rs243865 (−1306C>T)

Genotype

60 (77)CC

16 (21)    CT

2 (3)    TT

Allele

18 (23)T carrier

60 (77)    CC

aMMP-2: matrix metalloproteinase-2.
bRH: resistant hypertension.

Significant relationships were identified between the T allele
and specific TOD markers, particularly reduced EF and
increased cfPWV. T allele carriers exhibited a lower mean EF
(53.8, SD 20.3) compared to noncarriers (62.1, SD 12.7), with

a statistically significant difference (P=.04). Additionally, T
allele carriers had higher brachial-ankle PWV and cfPWV
values, nearing statistical significance (both P=.07), suggestive
of enhanced arterial stiffness (Table 3).

Table . The comparison mean of target organ damage indicators between MMP-2a–carrying polymorphisms nucleotide at rs243865 (-1306C>T) with
and without allele T.

P valuebCC (n=60), mean (SD)T carrier (n=18), mean (SD)Indicators of target organ damage

.69114.9 (44.9)120.1 (55.9)Left ventricular mass index (g/m2)

.0462.1 (12.7)53.8 (20.3)EFc in echocardiogram

.8471.4 (22.1)70.3 (15.5)Blood pressure difference

.760.99 (0.2)0.98 (0.15)ABId

.0717.4 (3.5)19.1 (3.5)Brachial-ankle PWVe (m/s)

.0712.2 (2.9)13.6 (2.9)Carotid-femoral PWV (m/s)

.3674.4 (32.3)66.6 (27.2)eGFRf

.84140.5 (182.9)130.2 (147.7)ACRg

aMMP-2: matrix metalloproteinase-2.
bP value: independent samples 2-tailed t test.
cEF: ejection fraction.
dABI: ankle-brachial index.
ePWV: pulse wave velocity.
feGFR: estimated glomerular filtration rate.
gACR: albumin-to-creatinine ratio.

The association between the T allele and carotid artery stenosis
was also notable, with 72% (13/18) of T allele carriers exhibiting
stenosis compared to 47% (28/60) of noncarriers, approaching
statistical significance (P=.06; Table 4). T allele carriers
exhibited a higher prevalence of EF of <40% and carotid artery

stenosis compared to noncarriers (Table 5). Specifically, 22%
(4/18) of T allele carriers had an EF of <40%, compared to only
7% (4/60) of noncarriers, approaching statistical significance
(P=.06). Similarly, carotid artery stenosis was present in 72%
(13/18) of T allele carriers versus 47% (28/60) of noncarriers
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(P=.06), indicating a potential role of the T allele in exacerbating
arterial remodeling and stenosis (Table 4). After adjusting for
age and serum potassium levels, the T allele remained
significantly associated with EF <40% (Table 5). After adjusting

for age, hypertension duration, and sodium levels, T allele
carriers had a significantly higher risk of carotid artery stenosis
(Table S2 in Multimedia Appendix 1).

Table . The comparison of the percentage of hypertension-mediate organ damage between MMP-2a polymorphisms nucleotide at rs243865 (−1306C>T)
with and without allele T.

P valuebCC (n=60), n (%)T carrier (n=18), n (%)Symptoms of target organ damage

.9214 (23)4 (22)History of stroke or TIAc

.1218 (30)9 (50)ECGd ischemia

.9613 (22)4 (22)ECG left ventricular hypertrophy

.064 (7)4 (22)Echocardiogram EFe <40%

.7922 (38)6 (33)Echocardiogram with regional hy-
pokinesis

.5335 (58)9 (50)Echocardiographic left ventricular
mass index (>95 for women and
>115 for men)

.9733 (55)10 (56)Echocardiographic relative wall
thickness ≥0.43

.0628 (47)13 (72)Carotid artery stenosis

.8711 (18)3 (17)Ankle-brachial index <0.9

.2145 (75)16 (89)Carotid-femoral pulse wave velocity
>10 m/s

.3917 (28)7 (39)eGFRf <60 mL/min/1.73m2

.8145 (75)14 (78)Albuminuria (urine albumin/creati-
nine ratio >30 µg/g)

aMMP-2: matrix metalloproteinase-2.
bP value: chi-square.
cTIA: transient ischemic attack.
dECG: electrocardiogram.
eEF: ejection fraction.
feGFR: estimated glomerular filtration rate.

Table . Association of MMP-2a gene polymorphism rs243865 (−1306C>T) and echocardiogram EFb in resistant hypertension (N=78).

Multivariate logistic regressioncUnivariate logistic regressionEF ≥40%EF <40%

P valueOR (95% CI)P valueORd (95% CI)

.03.06rs243865 (−1306C>T), n (%)

8.1 (1.3‐51.4)4.0 (0.9-18.0)14 (78)4 (22)    T Carrier

——e56 (93)4 (7)    CC

.06.09Age group (years), n (%)

———22 (82)5 (19)    ≤60

0.2 (0.03‐1.1)0.3 (0.06‐1.3)48 (94)3 (6)≥61

.070.1 (0.01‐1.3).060.13 (0.14‐1.2)3.6 (0.4)3.3 (0.3)Potassium serum concentration,
mean (SD)

aMMP-2: matrix metalloproteinase-2.
bEF: ejection fraction.
cThe 3-factor model R2=0.2306.
dOR: odds ratio.
eNot applicable.
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The T allele was also associated with higher cfPWV, a marker
of arterial stiffness and a predictor of cardiovascular events
(Table S3 in Multimedia Appendix 1). The multivariate
regression model showed a significant correlation between the
T allele and increased PWV (β=1.8, 95% CI 0.5‐3.2; P=.008).
This highlights the potential role of the rs243865 polymorphism
in promoting arterial stiffness.

Discussion

Principal Findings
In this study, we selected patients with true RH, excluding those
with advanced-stage CKD and secondary hypertension. This
ensured that the TOD observed was specific to patients with
primary hypertension, a population that typically receives
inadequate screening for TOD. Our patient cohort, representing
the health care setting of a resource-limited country, included
a predominantly lower-income population. These patients often
exhibit limited concern for their health and lack access to regular
check-ups compared to those in high-income countries. Our
findings, which were largely anticipated, emphasize several
critical characteristics and clinical implications of RH. These
include the difficulty in controlling BP, its association with
comorbidities, and the significant burden of TOD, consistent
with prior studies over the past 5 years.

Comparison to Prior Work

Demographic and Clinical Characteristics
The predominance of female patients (49/78, 63%) and older
patients (51/78, 65% older than 60 years of age) is consistent
with previous research showing that RH is more prevalent
among older adults and female patients [9,10]. A history of
hypertension exceeding 10 years in 68% (53/78) of patients
reflects the chronic nature of the condition, which not only
complicates BP management but also elevates the risk of TOD
[11].

Despite adherence to treatment, mean systolic and diastolic BP
levels remained high (162.5, SD 29.6 mm Hg and 92.7, SD 15.9
mm Hg, respectively). This highlights the challenges of
achieving BP targets in RH, which may be attributed to
inflammatory mechanisms and hyperactivity of the sympathetic
nervous system and the renin-angiotensin-aldosterone system
[1].

The high prevalence of diabetes (22/78, 28%) and obesity
(20/78, 26%) in this cohort aligns with well-established risk
factors for RH. These conditions not only contribute to
endothelial dysfunction but also exacerbate arterial stiffness,
worsening hypertension [12,13]. Dyslipidemia, characterized
by elevated triglycerides (38/78, 49%) and low-density
lipoprotein cholesterol (24/78, 31%), further increases
cardiovascular risk and TOD [14]. Although diabetes and obesity
are not considered primary causes of secondary hypertension,
effective management of weight and glucose levels can improve
BP control and overall prognosis in patients with RH.

TOD
The burden of TOD in patients with RH was substantial. A high
proportion of patients 79% (62/78) demonstrated elevated

cfPWV (>10 m/s), indicating significant arterial stiffness—a
critical marker of vascular aging and cardiovascular risk [15].
While cfPWV is predominantly used in research settings rather
than routine clinical practice, it remains a robust prognostic
indicator independent of brachial BP. Interestingly, we observed
that cfPWV does not always correlate with BP levels, suggesting
that relying solely on BP measurements may overlook high-risk
patients with significant arterial stiffness. The high prevalence
of elevated cfPWV in this study could be both a consequence
of prolonged hypertension and a contributing factor to RH.

Microalbuminuria was observed in 76% (59/78) of patients,
indicating early renal dysfunction and its central role in RH
pathophysiology via sodium retention and
renin-angiotensin-aldosterone system activation [11,16]. While
most clinicians rely on creatinine levels and estimated
glomerular filtration rate to assess renal damage, our findings
reveal a concerning rate of early kidney damage even in patients
without advanced CKD, warranting greater clinical attention.

LVH and increased relative wall thickness were observed in
over half of the patients, consistent with previous studies
highlighting the importance of echocardiography in accurately
assessing cardiac TOD. Compared to electrocardiograms,
echocardiography has significantly higher sensitivity in detecting
LVH [16-18].

Furthermore, RH has been shown to substantially increase the
risk of severe cardiovascular events, including heart failure,
myocardial infarction, and stroke, particularly in ambulatory
RH cases [14].

Association of SNP With TOD
Our analysis demonstrates a strong association between the
rs243865 (−1306C>T) polymorphism in the MMP-2 gene and
TOD in patients with RH. The results emphasize that the T
allele (the minor allele) significantly increases the risk of arterial
stiffness, carotid artery stenosis, and reduced EF. Previous
studies have shown that rs243865 enhances the transcriptional
activity of MMP-2, leading to excessive ECM degradation,
which contributes to vascular and cardiac fibrosis [19,20].

In this study, cfPWV, a key indicator of arterial stiffness, was
on average 1.8 m/s higher in the T allele group compared to the
CC genotype group. This aligns with previous finding [21],
which highlighted the critical role of MMP-2 in promoting
arterial fibrosis, particularly in older individuals. Other studies
also indicated that MMP-2 polymorphisms are associated with
increased arterial stiffness in hypertensive populations [22,23].
Furthermore, inflammation and oxidative stress interact with
MMP-2 activity, exacerbating arterial stiffness in patients with
RH [24]. Evidence from multiple studies indicates that arterial
stiffness is independently linked to genetic factors, irrespective
of BP control, paving the way for its potential as a predictive
marker for resistance to antihypertensive therapy [3,21,24].

The prevalence of carotid artery stenosis was significantly higher
in the T allele group, underscoring its critical role in vascular
remodeling. Our findings are consistent with previous studies,
which demonstrated that rs243865 upregulates MMP-2,
promoting the development of atherosclerotic plaques and
narrowing the arterial lumen [19,25]. Additionally, ECM
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remodeling mediated by MMP-2 reduces arterial elasticity and
contributes to carotid artery stenosis [26]. However, prior studies
emphasized that beyond rs243865, other genetic and
environmental factors play a critical role, reflecting the
multifactorial nature of this pathology [27].

Patients carrying the T allele exhibited significantly lower EF,
with an average reduction of approximately 8% compared to
the CC genotype group, indicating impaired cardiac function
and an increased risk of heart failure. Previous studies have
reported that haplotypes in the MMP-2 gene are associated with
LVH, myocardial infarction, and impaired cardiac function
[28,29]. The enhanced activity of MMP-2 driven by rs243865
leads to ECM degradation, destabilizing cardiac structure and
triggering compensatory fibrosis. This finding presents a
potential therapeutic application, as the inhibition of MMP-2
has been shown to improve cardiac function in preclinical
models [30]. From a broader perspective on causality, reduced
EF often originates from pressure overload and vascular
remodeling. The influence of the MMP-2 gene on vascular
structure, leading to arterial stiffness, may impair cardiac
function by increasing afterload [21].

The Role of Genetics in TOD
This study, aligned with previous studies, highlights the
significant role of the rs243865 (−1306C>T) polymorphism in
the MMP-2 gene in the risk of TOD [31]. This genetic variant
not only exerts its effects independently but also interacts
intricately with other factors such as inflammation and
environmental influences. Specifically, this polymorphism
increases the risks of arterial stiffness, carotid artery stenosis,
and impaired cardiac function in patients with RH. Genetic
variants within the MMP-2 gene can significantly alter the risk
of cardiovascular diseases [5,23]. These variants play a pivotal
role in vascular remodeling, leading to severe outcomes such
as LVH and reduced cardiac pumping capacity. The rs243865
polymorphism, through enhanced MMP-2 activity, disrupts
ECM integrity, thereby contributing to the structural weakening
of the vasculature and heart [32]. Furthermore, rs243865 has
been implicated in other vascular diseases beyond hypertension,
including ischemic stroke and aneurysms. This underscores its
potential as a critical risk factor in systemic vascular conditions.
The overactivation of MMP-2 associated with rs243865 leads
to excessive ECM degradation, weakening vascular structures
and promoting the development and progression of vascular
lesions [4,33]. Recently, intermediate factors, such as obesity
and insufficient physical activity, proved capable of amplifying
the effects of rs243865 on BP and TOD [6]. Obesity, through
mechanisms of chronic inflammation and endocrine disruption,
exacerbates MMP-2 activity, while sedentary lifestyles further
contribute to vascular dysfunction [27]. Synthesizing all these
findings, rs243865 emerges as not only a key genetic
determinant of TOD but also a nexus of complex interactions
with other factors, including inflammation, oxidative stress,
lifestyle, and environmental influences. This highlights its
potential as a target for personalized treatment strategies aimed
at regulating MMP-2 activity and mitigating its associated
impacts in the management of RH.

Limitations
This study is limited by its small sample size, cross-sectional
design, and focus on a single ethnic population, which may
affect the generalizability of the findings. Additionally,
unmeasured confounding factors, such as inflammation and
interactions with other genetic polymorphisms, were not
assessed. Further longitudinal and multiethnic studies are needed
to validate these results and explore the broader implications
of rs243865 and TOD in RH. First, this study used a relatively
small sample size (N=78), which may limit the generalizability
and statistical power of our findings. To mitigate this, we
calculated the sample size based on a statistically valid
estimation formula to ensure adequate representation; however,
larger multicenter studies would enhance statistical power.
Second, the cross-sectional design of this study prevents us
from establishing a causal relationship between the rs243865
polymorphism and TOD. While this design enabled the
identification of associations, longitudinal studies would be
necessary to clarify causality and the temporal sequence of
events. Third, although this is the first study about rs243865 in
Vietnamese people, the focus on a single ethnic group limits
the external validity of the findings, potentially restricting
applicability to other populations. To address this, future
research should include diverse ethnic groups to assess whether
these genetic associations hold across different populations.
Finally, due to limited data availability, we were unable to
compare the genotype distribution of rs243865 in our patients
with RH with that in the general Vietnamese population. This
limitation should be addressed in future population-based studies
to provide a more comprehensive interpretation of the genetic
findings.

Future Directions
Future research could expand the scope by exploring additional
genetic polymorphisms within the MMP-2 gene and their
combined impact with rs243865 on RH and associated TOD.
Translating findings from genetic associations into clinical
practice represents a significant opportunity. Genetic screening
for MMP-2 polymorphisms could facilitate personalized
medicine approaches by identifying patients at higher risk for
RH and severe TOD, allowing clinicians to initiate more
aggressive or targeted interventions earlier in the treatment
course. Additionally, therapeutic strategies targeting MMP-2
activity, such as the use of specific inhibitors, may offer new
avenues for managing and mitigating vascular and cardiac
complications in patients with RH and patients with
cardiovascular disease as in our prior study [34].

Conclusions
This study underscores the critical role of the rs243865
(−1306C>T) polymorphism in the MMP-2 gene as a significant
genetic determinant of TOD in patients with RH. Our findings
highlight the multifaceted impact of this polymorphism,
including its association with increased arterial stiffness, carotid
artery stenosis, and reduced EF. Importantly, the influence of
rs243865 extends beyond its direct genetic effects, interacting
with inflammation, oxidative stress, and modifiable factors such
as obesity and physical activity. The high prevalence of TOD
in our patient population underscores the urgent need for
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comprehensive screening and management strategies,
particularly in resource-limited settings where access to
advanced diagnostic tools remains a challenge.

The study provides compelling evidence for considering
rs243865 as a potential biomarker for risk stratification and a
target for therapeutic intervention. Future research should focus
on validating these findings in larger and more diverse

populations, exploring the mechanistic pathways linking MMP-2
activity to TOD, and evaluating the clinical efficacy of MMP-2
inhibitors in reducing vascular and cardiac complications in
patients with RH. Moreover, integrating genetic testing for
rs243865 into clinical practice could pave the way for
personalized treatment approaches, allowing for more targeted
and effective management strategies.
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Abstract

Background: Self-measured blood pressure monitoring is necessary for successful management of hypertension. However,
disparities in blood pressure control persist, with low-income patients and racial and ethnic minorities more likely to have
uncontrolled hypertension. These patients are also at increased risk for digital exclusion. Several validated blood pressure monitors
for self-measured monitoring are available, but little is known about patient preferences between different device traits. Studies
have shown that poor usability or technology design can lead to barriers to adoption.

Objective: We investigated patient-reported barriers, preferences, and facilitators to self-measured blood pressure monitoring
from a diverse population at an urban safety-net hospital.

Methods: This qualitative study included English- and Spanish-speaking patients with hypertension. Participants completed a
survey about sociodemographic traits, self-measured blood pressure monitoring practices and training, and experience with
technology. Semi-structured interviews were conducted to elicit preferences about blood pressure devices, the accompanying
mobile apps, and their experience sharing blood pressure measurements with their providers. Interviews included participant
demonstration of home blood pressure measurement to evaluate baseline self-measured blood pressure monitoring technique.
Two home blood pressure monitoring devices were presented: a Bluetooth-enabled device and a cellular-enabled device that
syncs data directly. Surveys and interviews were conducted in participants’ preferred language. Rapid qualitative data analysis
was applied to analyze qualitative data.

Results: Fifteen participants (8 English-speaking and 7 Spanish-speaking) were enrolled. Participants all identified as racial
and ethnic minorities. Educational attainment varied, ranging from less than high school to college graduates. Eight exhibited
some form of digital inaccessibility: lacking internet access, not activating their patient portal, or having difficulty connecting a
device to Wi-Fi. Most required assistance with Bluetooth pairing and navigating app features. Overall, participants valued tracking
their blood pressure, were motivated to engage in self-measured blood pressure monitoring practices, and desired training. Nearly
all participants demonstrated inconsistencies in blood pressure education, displayed incorrect measurement techniques, and had
not received formal training on self-measured blood pressure monitoring. Spanish-speaking participants reported that using apps
was challenging because they were presented in English and wanted translated apps and resources. The cost of features was a
key factor in device preference.

Conclusions: Patient-reported barriers to successful self-measured blood pressure monitoring adoption include cost, insufficient
training, digital inaccessibility, and language discordance. Addressing these challenges may enhance the adoption of self-measured
blood pressure monitoring in safety net populations. Providers should evaluate patients’ preferences and develop tailored
interventions when recommending self-measured blood pressure monitoring. Cellular self-measured blood pressure monitoring
devices that automatically transmit blood pressure readings may reduce digital complexity and promote sharing results with
providers, though future studies are needed to evaluate usability and implementation.
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Introduction

Hypertension is highly prevalent, resulting in significant
cardiovascular disease morbidity and mortality [1-3].
Self-measured blood pressure monitoring (SMBP) is an
evidence-based guideline-recommended strategy for improving
hypertension management [4-6], in which patients regularly
check their own blood pressure (BP) at home and share these
results with their clinical care team to improve hypertension
control. This approach has shown promising results in
populations with worse hypertension outcomes, such as
individuals with low income or from racial and ethnic minority
backgrounds [7-11].

Despite its potential impact, SMBP faces implementation
challenges, especially in populations and health care centers
where hypertension disparities are most pronounced. These
populations, including Black, Latine/Hispanic, and Asian adults;
those with limited insurance; individuals with lower educational
attainment; and those with limited English proficiency have
worse BP control [8,9,12,13].

Few studies have investigated patient perspectives on challenges
to and preferences for SMBP monitoring [14-16], especially in
safety net health systems where providers “organize and deliver
a significant level of health care and other health-related services
to uninsured, Medicaid, and other vulnerable patients” [17]. In
addition, these studies do not explore in-detail preferences for
home BP monitors and do not assess home measurement
technique. Perspectives from patients receiving care in safety
net settings are crucial for designing effective SMBP
interventions tailored to communities experiencing disparities
in BP control. To address the gap in knowledge on
patient-reported barriers to SMBP, preferences for different
types of BP monitors, and facilitators that would support SMBP
in a racially diverse and low-income population, we conducted
a qualitative, observational study of patients with hypertension
receiving care at an urban safety net hospital.

Methods

Study Sample
Participants included English- and Spanish-speaking patients
with a diagnosis of hypertension receiving care from an urban
academic safety net system. Participants were recruited from
August 2022 through October 2023 from an outpatient registry
of patients with hypertension. Patients were called and invited
to share information about their use of home BP monitors.
Participant interviews were not connected to hospital visits.
Patients were excluded if primary care clinicians thought the
patients would be unable to provide consent due to cognitive
impairment or capacity. Participants were recruited until data
saturation was reached, as no new themes emerged during the

interviews [18]. This study follows the SRQR (Standards for
Reporting Qualitative Research) guidelines [19].

Survey and Interview Administration
All participants completed a survey and a semistructured
interview in their preferred language with a native speaker.
Researchers followed an interview guide (Multimedia Appendix
1 and Multimedia Appendix 2), which was updated based on
iterative review and feedback from the study team and included
participant demonstration of home BP measurement to evaluate
baseline SMBP technique. The survey included closed-ended
questions about sociodemographic traits, SMBP practices and
training, and experience with technology. Participants
self-reported demographic information, including gender, race
and ethnicity, highest educational attainment, and preferred
language. A survey question was added mid-study to further
assess participants’digital literacy. Interviews asked open-ended
questions about BP device preferences, experience with BP
device mobile apps, and current practices around tracking and
sharing BP measurements with their clinicians. Each participant
was presented with 2 home BP monitoring devices during the
interview: a Bluetooth-enabled device (Device 1) and a
cellular-enabled device that syncs data directly (Device 2).
Participants were allotted 10 minutes per device to test and
record a BP reading. Interviews were audio-recorded, and
interviewers simultaneously documented field notes to capture
participants’ nonverbal cues, key observations, and immediate
reflections on the interview content.

Analysis
Rapid qualitative data analysis was used to analyze qualitative
data [20-23]. Compared to traditional qualitative methods, this
is a rigorous, pragmatic approach to analyzing qualitative data
on an accelerated timeline. The data collection and analysis
goals of rapid qualitative analysis focus on identifying key
descriptors to address time-sensitive questions as opposed to
developing a theoretically extensive understanding of a concept.
As this study sought to inform intervention elements for future
home BP monitoring trials [24-26], rapid qualitative analysis
with purposeful data reduction activities was used. Rapid
qualitative data analysis steps include developing a codebook
of domains from interviews, summarizing interviews based on
domains, and validating across the study team for consistency.

Analysis involved an iterative and systematic approach to
identifying key insights from the interview data. An interview
guide (Multimedia Appendices 1 and 2) was initially developed
to gather feedback relevant to intervention design, which was
iteratively updated to ensure subsequent interviews captured
all relevant perspectives and content areas. To standardize
interview analyses, a summary template was structured around
8 initial coding domains that were developed according to these
emerging topics: (1) Existing general knowledge of and prior
training about blood pressure, (2) Impact of device’s physical
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features on patient preference, (3) Considerations and technique
when measuring their blood pressure at home, (4) Patient
preferences: Bluetooth versus cellular connection, (5) Logging
and sharing BP data, (6) User app experience: Viewing BP
results and navigating features, (7) Evaluation of provided
training and learning materials, and (8) Ideal training and
resource preferences.

Following this initial coding and summarization process, we
engaged in a second phase of analysis focused on data reduction
and theme generation. Through iterative team discussions, we
collapsed the 8 domains into 3 higher-order codes, each
representing a major conceptual area of patient experience with
SMBP. Specifically, domains 1, 7, and 8 were merged into Code
1: Patient Knowledge about SMBP. Domains 3, 5, and 6 were
consolidated into Code 2: Patterns and Challenges in
Self-Monitoring Blood Pressure. Domains 2 and 4 formed Code
3: Varied Patient Preferences on Home Blood Pressure
Monitoring Device Features. Within each analytic code, we
then identified themes, defined as recurrent, explanatory patterns
that captured participants’ reported barriers, preferences, and
facilitators for SMBP adoption. This multistep process allowed
us to move systematically from coded content to broader
thematic insights. After this process, we selected representative
quotes from the interview transcripts to illustrate key concepts
within each code.

Three investigators (JS, VK, and IL) reviewed audio recordings
and field notes independently for an initial subset of interviews.
Using the template with the set of 8 domains, each interview
was summarized to extract key concepts. The process continued
for 8 interviews until consensus was reached on the approach
and content of the interview summaries. The remaining
interviews were then analyzed and summarized by a single
investigator using the established framework (IL). After
completing summaries from all interviews, the content within
each domain was reviewed across all interviews to identify
overarching themes. Particular attention was given to differences
in responses by language to capture any nuanced variations.
Agreement on key themes was reached through multiple
collaborative discussions with the entire research team until
consensus was achieved. Frequency of participant responses
within each theme for these nonsurvey interview data was
synthesized according to the following nomenclature: “few”
representing approximately 3-5 participants, “many”
representing 5-7, “most” representing the majority or at least 8
of the 15 total participants, and “nearly all” representing 13 or
14.

Analytical credibility and trustworthiness were enhanced
through multiple strategies [27]. We used investigator
triangulation with 3 independent coders (JS, VK, and IL)
analyzing initial interviews and coordinated with clinical staff
members who had years of experience onboarding patients to
SMBP studies. Two senior study investigators (CL and EK)
have conducted SMBP research for more than 5 years, providing
prolonged engagement with the research topic. Interviews lasted
more than 90 minutes and incorporated multiple follow-up

questions to ensure depth of data collection and participant
discussion. Emerging domains were incorporated into the
codebook through iterative discussion and team consensus,
allowing the analysis to evolve and reflect new insights gained
throughout the process.

To ensure dependability and confirmability, we maintained
comprehensive audit trails throughout the research process. This
included detailed field notes from each interview, multiple
versions of our codebook documenting its evolution, and
iterations of the interview guide as it was refined based on
emerging insights. Meeting minutes from team discussions
captured analytical decisions and rationale for theme
development. To enhance confirmability, multiple team
members independently reviewed the coding process to ensure
findings were grounded in participant data rather than researcher
assumptions. At least 2 researchers reviewed each transcript,
with discrepancies resolved by a third investigator or the whole
research team. This audit trail and multireviewer approach
helped ensure consistency of findings over time and minimized
individual bias in interpretation [27]. Reflexivity was maintained
through field notes documenting the researcher’s observations,
reactions, and preliminary interpretations during each interview.
Research team meetings included structured self-reflection on
how our professional backgrounds as healthcare researchers
and clinicians in safety-net settings might influence data
interpretation. Team members explicitly discussed potential
biases related to our experiences with health disparities and
digital health implementation. These discussions were used to
ensure interpretations remained grounded in participant data.

Ethical Considerations
All participants provided written informed consent and received
a US $50 gift card for participation. Data were deidentified for
analysis and reporting. Participants were given the option to
withdraw at any time throughout the study and have their data
removed. This study was approved by the University of
California, San Francisco Institutional Review Board (number
21‐33711).

Results

Participant Demographics and Baseline Experience
With Technology and Self-Measured Blood Pressure
Table 1 displays the characteristics of 15 total participants, all
of whom completed both the survey and interview. Eleven
participants were assessed for their SMBP technique against a
rubric using the updated interview guide. The median age of
participants was 57 (IQR 37-71) years.

From survey responses, all participants had a smartphone, 10
used mobile apps several times a day, and 10 reported no
difficulty using their smartphone or installing apps without
assistance. Eight participants either did not have internet service
at home other than via smartphone, did not know how to connect
a device to Wi-Fi, or had not activated their patient portal
account.
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Table . Participant demographics and experience with technology.

Values, n (%; N=15)Characteristics

9 (60)Female

Race and Ethnicity

1 (7)American Indian or Native American

1 (7)Asian or Pacific Islander

4 (27)Black or African American

8 (53)Hispanic or Latine

1 (7)Two or more

Highest educational attainment

5 (33)Less than high school

5 (33)High school graduate or GEDa

5 (33)College graduate or more

Preferred language

8 (53)English

7 (47)Spanish

Experience with technology

    Frequency of using apps for any purpose on phone

10 (67)Several times a day

3 (20)At least once a day

2 (13)Once a week

    Difficulty installing apps on phone

10 (67)Not difficult

5 (33)Somewhat/Very difficult

13 (87)    Has internet service at home other than via smartphone

8 (53)    Activated patient portal account

    Difficulty using phone without someone else’s help

12 (80)Not difficult

3 (20)Somewhat/Very difficult

6 (55)    Knows how to connect device to Wi-Fi, (N=11)b

aGED: General Educational Development.
bThis question was later added to the survey to further assess digital literacy

In the past 12 months, 5 participants measured their BP outside
of the clinic, all at home using their own BP monitor. Overall,
3 measured their BP less than once a month, 2 measured at least
once a month, and 2 shared these BP measurements with their
clinical team. Four participants reported that measuring BP at
home and sharing results with their clinician was “extremely
helpful.”

Through our analysis, we consolidated the 8 initial coding
domains into 3 high-order analytical codes. Within each
analytical code, we identified themes that captured the key
barriers, preferences, and facilitators for SMBP adoption. All
analytical codes, themes, and notable quotes are provided in
Table 2.
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Table . Analytical codes, themes, and notable quotes from interviews.

Notable quotesDescriptionThemes

Analytical Code 1: Patient Knowledge about SMBPa

Few participants received adequate education on

home BPb monitoring techniques

    Theme 1.1 Inconsistencies and Gaps Exist in
Patient Education

• “Drawings and pictures help people under-
stand faster…People never really go through
books [of instructions], something simpler
would be better.”All participants desired more in-person training

and education, and in particular take-home mate-
rials that were easy to understand and language-
concordant

    Theme 1.2: Patients Desire Training and Edu-
cation • “[There is] a lot of writing… [I would] need

to read more than once.”
• “It’s impossible to get accurate reading at

home.”Few participants engaged in all recommended
practices for accurate home measurement

    Theme 1.3: Incorrect Technique and Missing
Considerations in Home BP Measurement • “It would’ve taken me a bit more time

[without a demonstration].”

Analytical Code 2: Patterns and Challenges in Self-Monitoring Blood Pressure

While most participants did not track their BP,
they thought it was important and liked the apps’
ability to do so

    Theme 2.1 Participants Like the Idea of
Tracking BP

• “Yes it is [important to keep a log of your
BP readings]. You can talk to your doctor
about it and things going on in your life.”

• "You would keep track of your blood pres-
sure, you know that day it was a little high,
now it’s better. You would keep better track
of your medication.”

Many participants had difficulty using the apps,
including patients who reported no prior difficul-
ty with smartphone app usage. Translating apps
into Spanish would enhance usability for Span-
ish-speaking participants

    Theme 2.2: Participants Experience Difficulty
With Using the Apps

• “Really the main thing I liked [about the
apps] is … how you can go on the app and
you can get to your blood pressure feed.
Just that fast... [You don’t have to] go
through a whole bunch of stuff. It’s just
right there. That’s what I like about it.”

Most participants did not currently share their
BP. Some tracked BP, but did not share with their
provider due to misplaced logs.

    Theme 2.3: Participants Do Not Share their
BP With Providers

• “[Logging in the app is] really good because
every time I write it down, I always forget
where I put it. I’m always losing it. It’s great
that my [BP recordings] stay [in the app]. I
can just show it. I’d love that.”

• “You meet your doctor once every 3
months, so if I take a reading now, I forget
it after two weeks.”

Analytical Code 3: Varied Patient Preferences on Home Blood Pressure Monitoring Device Features

Participants differed on preferences for BP cuff
type and device size, but these features did not
impact device preference.

    Theme 3.1: Device Features Did Not Impact
Overall Device Preference

• “I don’t want anything gigantic. I want it to
be perfectly small, where I can take it if I
need be, to be able to take it with me if I’m
traveling.”

Many participants needed help pairing the Blue-
tooth device, and some preferred the non-Blue-
tooth option because of this requirement

    Theme 3.2: Participants Require Assistance
With Bluetooth Pairing

• “This is pretty big. So it won’t be good for
traveling too much.”

• “Just sending a message – if it’s going to
cost you money – that’s a rip off.”While participants preferred BP results to be au-

tomatically shared with their provider, they
would not pay for this feature and also had con-
cerns related to the cost of batteries.

    Theme 3.3: Cost as a Deciding Factor in De-
vice Preference • “[Paying for remote patient monitoring] is

a turn off. If I had to pay more money, I’d
rather not.”

• “If it can be sent to my [doctor] without me
knowing, that’d be great… [But I don’t
want to be] paying for [that].”

• “The only thing holding me back from [this
device] is paying.”

• “People don’t have access to batteries, like
you or the manufacturer think. You think
an old man of 70‐80 [years of age] would
go out to buy a battery?”

aSMBP: Self-measured blood pressure monitoring
bBP: blood pressure.
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Analytical Code 1: Patient Knowledge About SMBP

Inconsistencies and Gaps Exist in Patient Education
Many reported no formal training on using their BP monitor or
normal BP range. Instead, many learned by observing providers
in clinics, reading the manual, or watching online video tutorials.
A few participants received demonstrations or were told about
BP at clinic visits but did not remember what they learned and
were not given additional materials.

Existing knowledge about BP was incomplete and varied. Few
participants reported understanding the idea of normal BP range.
Some participants noted the importance of taking repeated
measurements, staying calm before a reading, and the
importance of weight and diet for BP management.

Patients Desire Training and Education
Nearly all participants wanted more training about BP devices
and at-home measurement, preferring in-person demonstrations.
Some said written instructions or video tutorials may suffice.
In addition to training on BP device usage, some participants
wanted information about BP ranges. Nearly all participants
expected clinic support if they encountered an issue when
measuring BP. Some participants also mentioned
troubleshooting with family.

Participants valued having additional written and video
resources. They preferred written resources that were easy to
read and understand, larger with large and bolded font, and
contained concise, numbered steps to follow. Some participants

also thought visual illustrations would be helpful. Participants
noted that the instruction manuals included with the BP
monitoring devices were detailed and had a lot of information,
which some felt was overwhelming. Spanish-speaking
participants wanted to have Spanish materials.

Incorrect Technique and Missing Considerations in
Home BP Measurement
Most participants did not follow all guidelines set forth by the
American Heart Association (AHA) and American Medical
Association (AMA) for accurately measuring BP at home [28]
and displayed incorrect technique when demonstrating an
at-home BP measurement (Figure 1). Of the 11 participants
who were asked to demonstrate how they would measure their
BP at home, only 4 were consistent with all guidelines set forth
by the AMA and AHA. The most common missed techniques
in BP measurement were placing the cuff on the bare arm, above
the elbow at midarm; ensuring the arm is supported, with palm
up and muscles relaxed; positioning the arm at heart level; and
ensuring the back is supported. All participants properly
uncrossed their legs, rested their feet flatly on the floor, and sat
quietly without distractions (though we provided the
environment).

When asked about considerations when measuring BP at home,
nearly all participants did not consider the time of day or the
timing of medications, eating meals, smoking, drinking alcohol,
or using the restroom in relation to their readings. Most
participants, however, did report resting or relaxing prior to
taking a measurement.
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Figure 1. Demonstration of blood pressure measurement technique evaluated by American Medical Association and American Heart Association
guidelines.

Analytical Code 2: Patterns and Challenges in
Self-Monitoring Blood Pressure

Participants Like the Idea of Tracking BP
Most participants did not currently track their BP but cited it as
important or wanted to do so. Some would track BP only under
particular circumstances, such as when their BP is unusually
high.

Participants liked that the apps linked and tracked their BP
results from the device. Nearly all participants appreciated visual
aids (eg, graphs) that show their BP history. Many participants
liked immediately seeing their results when opening the app;
some participants specified that Device 2’s app was simpler
and straightforward to use. Some also appreciated additional
features of Device 1’s app, such as the option of keeping a diary
to write notes. Participants appreciated visuals, a straightforward
interface that enables easy app usage and BP tracking, and
personalized tracking capabilities.

Participants Experienced Difficulty With Using the Apps
Difficulty in app usage varied. When surveyed, all participants
who reported difficulty using a smartphone without assistance
or installing apps also had difficulty navigating app features or

required assistance upon observation. Some who reported no
difficulty in these 2 survey questions also had difficulty or
required assistance upon demonstration. Nearly all participants
who had trouble navigating the apps were Spanish-speaking
and expressed that translating apps entirely into Spanish would
enhance ease of use.

Participants Do Not Share Their BP With Providers
Furthermore, most participants did not currently share their BP
with their provider. Most participants who track their BP often
misplace their measurement logs. Two participants shared with
their providers only if they remembered where they kept their
readings.

Analytical Code 3: Varied Patient Preferences on
Home Blood Pressure Monitoring Device Features

Device Features Did Not Impact Overall Device
Preference
Participants prioritize comfort and ease of use when evaluating
2 different BP cuffs, but this preference was split between hard
and soft cuffs. Preferences also differed between the smaller
size of Device 2 and the larger display of Device 1. However,
cuff type and portability of the devices did not impact overall
device preference.
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Participants Require Assistance With Bluetooth Pairing
Many participants did not view Bluetooth pairing, a feature of
Device 1, as a deterrent to measuring BP, with half of them
citing familiarity with Bluetooth. We also observed that these
participants successfully connected the device with Bluetooth.
Nearly all other participants required help from study staff to
pair the Bluetooth device. A few explicitly cited not wanting
to deal with pairing or repairing Bluetooth. Some preferred
Device 2 because it did not require Bluetooth or said that Device
1 was more difficult to use for this reason.

Cost as a Deciding Factor in Device Preference
Moreover, while approximately half of the participants value
having their BP results automatically shared with their provider
(such as would occur in a cellular-enabled monitor like Device
2), nearly all would not pay for this feature. One was open to
having results automatically sent if in poor health. A few would
pay US $5-US $15 a month if required, but they were strongly
opposed. If this feature were free, three participants would prefer
Device 2. Most strongly preferred having a plug-in charging
option for the battery-operated devices because of concerns
related to accessing or purchasing future batteries.

Discussion

Principal Findings
In our qualitative study of safety net patients with hypertension,
the cost of device features, gaps in existing BP knowledge, and
lack of training and resources presented challenges to SMBP
adoption. Our findings highlight the need to provide affordable,
language-concordant resources and comprehensive training to
leverage SMBP for hypertension management in safety net
patients.

Our findings of participant motivation for SMBP and barriers
related to cost and health literacy among low-income and
minority communities were overall consistent with prior studies
[11,14-16]. Our participants valued tracking their BP and are
motivated to engage in SMBP practices and share results with
their providers [11]. Moreover, participants preferred having
their readings automatically shared with their provider without
requiring pairing to their own device, citing it as extremely
helpful. However, nearly all participants were not willing to
pay for this feature. Plug-in devices were also strongly preferred
to avoid the cost of batteries. These findings suggest that SMBP
adoption in lower-income and uninsured and Medicaid
populations is impacted by affordability or payor coverage of
SMBP devices that meet patients’ needs. In addition, nearly all
patients demonstrated inconsistencies in BP education, displayed
incorrect BP measurement technique, and had not received
formal training. These findings reinforce the notion that barriers
to successful SMBP adoption stem from external care factors,
such as cost and gaps in available training and resources, rather
than patient motivation. Providers should evaluate patients’
barriers and preferences when recommending SMBP.

In addition to cost, digital accessibility and literacy should be
assessed as contributors to SMBP non-adoption. Aligned with
studies that demonstrate socioeconomic status and Medicaid
insurance as risk factors for digital exclusion [29], 8 of 15

participants exhibited some form of digital inaccessibility:
lacking internet access, not activating their patient portal, or
having difficulty connecting a device to Wi-Fi. Furthermore,
most participants required assistance with pairing Bluetooth to
Device 1 and with navigating app features on both devices,
potentially indicating limited digital literacy. SMBP
interventions should be complemented with patient training and
resources. Importantly, it appears that cellular SMBP devices
that automatically transmit BP readings to reduce digital
complexity may promote sharing results with providers, and
this should be considered as a focus of future research and
implementation.

Moreover, Spanish-speaking participants reported that using
apps was challenging because they were presented in English.
This further supports the unmet need to have user-friendly,
language-concordant digital SMBP tools [11,30].
Spanish-speaking participants also wanted manuals and training
to be delivered in Spanish. Addressing language nonconcordance
in training and resources for other prominent but less prevalent
languages (eg, Arabic) [31] in addition to Spanish may further
promote widespread SMBP adoption. Notably, patients who
face barriers in digital literacy and language discordance may
be especially vulnerable to SMBP adoption challenges.

While a previous study on home BP monitoring enrolled both
English and Spanish speakers [15], our study was the first to
assess patient preferences between 2 SMBP devices and the
impact of language on SMBP practices. Our results further add
to knowledge about patient preferences for communication
modality of their BP results with their care team and barriers
to SMBP among racially diverse, low-income populations.

Limitations
Our study was limited by a small, convenient sample. However,
our sample size aligns with findings from a recent systematic
review suggesting that saturation in qualitative research can
often be achieved within a narrow sample size of 9-17 interviews
[18]. Participants were assessed at only 1 time point; SMBP
skills and preferences may differ in real care scenarios. In
addition, despite our efforts to ensure credibility through
independent coding, team discussions, and participant validation
of findings, researcher interpretation may still reflect inherent
subject biases common to qualitative research. While we
maintained reflexivity through field notes and team discussions
about our positionality, as with all qualitative work, the lived
experiences and perspectives of the study team, which included
individuals with expertise in primary care, health equity, and
public health, may have introduced implicit biases in theme
identification. Although we described our study setting and
participants in detail to support transferability, our single-site
study within an urban safety net context may limit applicability
to different health care settings. Future studies should explore
how support systems (eg, family and caregivers) could impact
SMBP adoption. Collaborating directly with patients to refine
analytical domains and themes could also improve the
transferability of our findings. An ongoing randomized
controlled trial is currently underway to longitudinally assess
device implementation and BP outcomes, which will help
address these limitations [25].
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Conclusions
Patients’ values and barriers can inform solutions that facilitate
and improve patient self-management of hypertension. Our

findings reinforce the importance of affordability, accessibility,
and providing robust resources when implementing SMBP in
diverse, safety net populations. The effectiveness of
cellular-enabled SMBP devices should be further evaluated.
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Abstract

Background: Hypertension is a leading cause of cardiovascular disease and premature death worldwide, and it puts a heavy
burden on the health care system. Therefore, it is very important to detect and evaluate hypertension and related cardiovascular
events to enable early prevention, detection, and management. Hypertension can be detected in a timely manner with cardiac
signals, such as through an electrocardiogram (ECG) and photoplethysmogram (PPG), which can be observed via wearable
sensors. Most previous studies predicted hypertension from ECG and PPG signals with extracted features that are correlated with
hypertension. However, correlation is sometimes unreliable and may be affected by confounding factors.

Objective: The aim of this study was to investigate the feasibility of predicting the risk of hypertension by exploring features
that are causally related to hypertension via causal inference methods. Additionally, we paid special attention to and verified the
reliability and effectiveness of causality compared to correlation.

Methods: We used a large public dataset from the Aurora Project, which was conducted by Microsoft Research. The dataset
included diverse individuals who were balanced in terms of gender, age, and the condition of hypertension, with their ECG and
PPG signals simultaneously acquired with wrist-worn wearable devices. We first extracted 205 features from the ECG and PPG
signals, calculated 6 statistical metrics for these 205 features, and selected some valuable features out of the 205 features under
each statistical metric. Then, 6 causal graphs of the selected features for each kind of statistical metric and hypertension were
constructed with the equivalent greedy search algorithm. We further fused the 6 causal graphs into 1 causal graph and identified
features that were causally related to hypertension from the causal graph. Finally, we used these features to detect hypertension
via machine learning algorithms.

Results: We validated the proposed method on 405 subjects. We identified 24 causal features that were associated with
hypertension. The causal features could detect hypertension with an accuracy of 89%, precision of 92%, and recall of 82%, which
outperformed detection with correlation features (accuracy of 85%, precision of 88%, and recall of 77%).

Conclusions: The results indicated that the causal inference–based approach can potentially clarify the mechanism of hypertension
detection with noninvasive signals and effectively detect hypertension. It also revealed that causality can be more reliable and
effective than correlation for hypertension detection and other application scenarios.

(JMIR Cardio 2025;9:e60238)   doi:10.2196/60238

KEYWORDS

hypertension; causal inference; wearable physiological signals; electrocardiogram; photoplethysmogram

Introduction

Hypertension, also known as high blood pressure (BP), is a
condition in which the pressure of the blood increases in the
arteries. The diagnosis of hypertension relies on BP
measurement, and it is defined as systolic BP (SBP) ≥140 mm
Hg or diastolic BP (DBP) ≥90 mm Hg [1]. Hypertension can
be further classified into 3 stages. Stage 1 hypertension is
associated with SBP and DBP ranges of 140‐159 mm Hg and
90‐99 mm Hg, respectively. Stage 2 hypertension is

characterized by SBP and DBP ranges of 160‐179 mm Hg
and 100‐109 mm Hg, respectively. For stage 3 hypertension,
the SBP and DBP are more than 180 mm Hg and 110 mm Hg
[1,2].

Furthermore, it is noteworthy that even when SBP ≥115 mm
Hg and DBP ≥75 mm Hg, a continuous relationship exists
between the increase in BP level and the occurrence of
cardiovascular or renal pathological conditions and even fatal
events. The definition of high blood pressure as SBP ≥140 mm
Hg or DBP ≥90 mm Hg primarily serves the purpose of
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simplifying hypertension diagnosis and decision-making
regarding hypertension treatment. This threshold was chosen
because the benefits of intervention outweigh the risks
associated with nonintervention in this context.

According to a review of the global epidemiology of
hypertension [3], hypertension is a leading preventable risk
factor for cardiovascular disease and all-cause mortality
worldwide. In 2010, a total of 1.38 billion people (31.1% of the
global adult population) had hypertension. The prevalence of
hypertension is rising globally owing to the aging of the
population and increases in exposure to lifestyle risk factors,
including unhealthy diets and lack of physical activity.

In addition, hypertension can be divided into primary and
secondary forms. Secondary hypertension originates from
specific causes and only encompasses a small fraction of the
population. Primary hypertension covers the remaining large
fraction of the hypertension population, and it arises from
intricate interactions among genetic factors, environmental
influences, and the aging process. These factors collectively
contribute to an increase in systemic vascular resistance, a
hallmark hemodynamic abnormality that leads to elevated BP
in almost all hypertensive individuals [4]. Furthermore,
considering that hypertension may not show any symptoms in
its early stages and that there is a continuous relationship
between an increase in BP and the risk of stroke, coronary heart
disease, heart failure, and chronic kidney disease, it is very
important to detect and treat hypertension in the early stages.

Moreover, physicians often diagnose hypertension by office
BP, but masked hypertension and white coat hypertension cannot
be effectively detected by office BP. Instead, they usually detect
masked hypertension and white coat hypertension through a
24-hour ambulatory recording of the BP signal [5], but this
process is cumbersome. Hence, there are data-driven approaches
based on noninvasive signals for the detection of hypertension,
such as electrocardiogram (ECG) or photoplethysmogram
(PPG), that are easily accessible from wearable sensors [2].
Subsequently, wearable monitoring can continuously monitor
patients’ physiological conditions 24 hours a day. Compared
with outpatient blood pressure monitoring, wearable monitoring
can obtain patients’ rhythm information and real physiological
conditions (to avoid white coat hypertension and other
conditions), as well as the impact of patients’ behaviors on
physiological indicators and other personalized information.
Rich reference information is conducive to more accurate
assessment and stratification of individual risks.

There are various studies on detecting hypertension with
data-driven methods based on noninvasive signals. These

methods include classic machine learning models with
hand-extracted features and feature representation learning with
deep learning methods. For example, Paragliola et al [6]
proposed a novel approach for analyzing and classifying the
ECG signal with a hybrid deep learning network method called
hybrid deep network, which combines long short-term memory,
convolutional neural networks, and deep neural networks. The
hybrid method can reach an average accuracy of 0.98 and an
average sensitivity and specificity of 0.97. Elgendi et al [7]
reviewed the effect of different types of artifacts added to the
PPG signal, characteristic features of the PPG waveform, and
existing indexes on hypertension diagnosis. In another study,
Alkhodari et al [8] used features related to heart rate variability
to predict hypertension based on decision trees and random
undersampling boosting. The accuracy of the method was 0.81,
with the F1-score and area under the receiver operating
characteristic curve (AUC) being 0.86 and 0.89, respectively.
In a study about the automated detection of hypertension
severity, Rajput et al [9] developed a 2-band optimal orthogonal
wavelet filter bank method, which generates 6 subbands from
each ECG signal through a 5-level wavelet decomposition.
Further, the sample mean and wavelet entropy features of all
subbands were computed to predict the risk of hypertension
with classic machine learning methods, such as k-nearest
neighbors and support vector machine, and the proposed method
can achieve an average classification accuracy of 0.99.

However, most of the previously mentioned studies relied on
extracting features correlated with hypertension but ignored the
causality of hypertension and characteristic variables. Due to
the presence of confounding factors, correlations can lead to
wrong conclusions, just like Simpson’s paradox [10]. In different
populations, the distribution of confounding factors will change,
which means the correlations can be unstable and unreliable.
Instead, causal inference can not only identify more reliable
feature variables with the elimination of confounding factors
but also provide more trustworthy guidance for further exploring
the physiological mechanisms of hypertension [11].

In this work, we propose to predict hypertension based on causal
inference with wearable noninvasive signals. The overview of
the proposed method is delineated in Figures 1 and 2. We will
select effective features based on causality between hypertension
and features extracted from PPG and ECG signals. Then,
combined with the detected causal features, we will predict
hypertension and evaluate its prediction performance by various
evaluation metrics. Ultimately, we aim to identify some features
that may be of great value in predicting hypertension.
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Figure 1. Research route flow chart.
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Figure 2. Flowchart of the causal inference for hypertension prediction. (A) Signal preprocessing: 205-dimension beat-by-beat features were extracted
from the ECG and PPG as well as the first and second derivatives of the PPG signal (dPPG, sdPPG), and the statistical metrics of these features were
calculated as the feature matrix M. (B) Based on the feature matrix M, the causal graphs of the extracted features and hypertension status were identified
with the causal inference algorithm (the equivalent greedy search algorithm). (C) The causal feature matrix F was identified from the causal graph
obtained from step (B), and we used machine learning classification algorithms to achieve hypertension prediction. ECG: electrocardiogram; PPG:
photoplethysmogram.

Methods

The methods of this paper can be divided into 7 steps; the details
of each step are shown in Figure 1.

Ethical Considerations
In this study, we used data from the Microsoft Waveform
Database, and we obtained data access permission from the
Microsoft Data Access Committee [12]. Microsoft obtained
institutional review board approval from WCG IRB (Puyallup,
WA, United States). Individuals unable to consent in English,

pregnant women, prisoners, institutionalized individuals, and
individuals younger than 18 years were excluded from
participation due to their vulnerable status. All the subjects
voluntarily participated in the experiment and signed informed
consent. The original informed consent and the institutional
review board both allow for secondary analysis without
additional consent. The dataset used in this study was
de-identified to protect the privacy of the subjects.

Data
The database that we obtained data from was developed for
validating new methods for blood pressure measurement with

JMIR Cardio 2025 | vol. 9 | e60238 | p.458https://cardio.jmir.org/2025/1/e60238
(page number not for citation purposes)

Gong et alJMIR CARDIO

XSL•FO
RenderX

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


noninvasive sensors. Noninvasive epidermal pressure signals,
ECG signals, and PPG signals were acquired with tension,
electrical, and optical sensors, respectively. Meanwhile, the
reference blood pressure was measured with either the
oscillometric method or the auscultatory method. In this study,
we used noninvasive signals for hypertension detection. To
validate our proposed method, we used data collected based on
the oscillometric method. A total of 614 subjects participated
in the oscillometric protocol scheme, with ages ranging from
18-85 years. After excluding data anomalies during the
collection process, including miswear, malfunction, data file
failure, participant opt-out, alignment failure, and quality failure,
relevant measurement information from 483 subjects was
retained [12]. In a further waveform preprocessing step, poor
waveform segments and subjects with less than 4 qualified
waveform segments were removed, which led to the final
retention of measurement data from 405 participants, comprising
183 hypertensive patients and 222 healthy individuals. The ages
of the 405 participants ranged from 18-60 years, with an average
age of 45 years. In addition, the 405 participants comprised 199
females and 206 males.

Moreover, measurements in this protocol were obtained during
controlled laboratory visits spaced at least 24 hours apart.
Additionally, dynamic measurements were collected during the
24-hour interval between laboratory visits. Automatic
measurements were taken every 30 minutes in the morning and
every 60 minutes in the evening. Each patient typically had
24-36 waveform segments, with each acquired for 15-30
seconds. Our feature extraction primarily relied on data from
dynamic measurements.

Feature Extraction
We extracted 205 features from the filtered ECG and PPG
signals with the extraction method defined in our previous study
[13]. The features mainly include pulse transit time (PTT), time
duration (TD), amplitude (AM), intensity of PPG, the first
derivative of PPG (dPPG), the second derivative of PPG
(sdPPG), area under the PPG curve (AR), and physiological
meaningful relative index (RI). The mathematical expression
and definition of these features are as follows and are also
described in Table 1. The fiducial points of ECG, PPG, dPPG,
and sdPPG signals of each cardiac cycle were identified to
calculate the features. The identified fiducial points are
illustrated in Figure 3.

Table . Features extracted from electrocardiogram and photoplethysmogram signals.

Definition of featuresClassificationIndex

Time deviation between R peak of electrocardio-
gram and fiducial points of photoplethysmogram

Pulse transit time1‐10

Time duration between 2 fiducial points of pho-
toplethysmogram

Time duration11‐66

Amplitude between fiducial points of photo-
plethysmogram

Amplitude67‐111

Intensity of photoplethysmogram, dPPGa, and

sdPPGb at fiducial points

Pulse intensity112‐130

Area under the photoplethysmogram curve be-
tween fiducial points

Area131‐185

Physiological meaningful ratio indexRelative index186‐205

adPPG: the first derivative of photoplethysmogram.
bsdPPG: the second derivative of photoplethysmogram.
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Figure 3. Diagram of fiducial points of the ECG and PPG signals as well as major types of features [13]. AI: absolute intensity; AR: area under the
PPG curve; AM: amplitude; dPPG: the first derivative of PPG; ECG: electrocardiogram; PPG: photoplethysmogram; PTT: pulse transit time; PW: pulse
width; RRI: R-R interval; sdPPG: the second derivative of PPG.

Feature Point (FP, 1∼10) = [PPG valley, sdPPG a, dPPG peak,
sdPPG a, PPG peak, sdPPG c, sdPPG d, dPPG valley, sdPPG
e, sdPPG f, PPG valley next]

PTT = FP(i) - R peak, i=1∼10

TD = [RRI, (FP(j) - FP(i)), i,j=1∼10, and j>i]

AM = PPG(FP(j)) - PPG(FP(i)), i=1∼10, and j>i

AIPPG = PPG(FP(i)), i=1∼10

AIdPPG = dPPG(FP(i)), i=1∼10

AIsdPPG = sdPPG(FP(i)), i=2,4,7∼10

AR = Area between (FP(j) – FP(i)), i,j=1∼10

RI: relative rising time, dicrotic diastolic ratio, augmentation
index, inflection point area point, slope transit time, ratio of
sdPPG (b/a, c/a, (c+d–b)/a, etc), PPG intensity ratio, perfusion
index [13].

After obtaining the above features, we can perform feature
selection and build a causal graph based on the causal inference
algorithm.

Algorithm of Causal Inference
We used the greedy equivalence search (GES) algorithm to
learn the causal graph. The GES algorithm is based on the
theoretical basis of Meek’s conjecture [14]. The Meek’s
conjecture is: if direct acyclic graph (DAG) M is an independent
map of another DAG F, then there exists a finite set of edges
in DAG F that can be added or reversed, after each modifiable
edge is added or reversed direction, DAG M is still an
independent graph of DAG F. After all modifications are done,
M = F. Underlying the Meek’s conjecture, we can use
generalized score functions [15] and the GES algorithm to get
the final causal graph. Figure 4 shows the implementation steps
of the GES algorithm. In addition, we also provide the pseudo
code to illustrate the detailed steps of the GES algorithm as
shown in Textbox 1.
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Figure 4. Flowchart of the greedy equivalence search algorithm.

Textbox 1. Algorithm 1: Apply-edge-operation(G,H).

Input: DAGsG and H where G≤H and G≠H

1: Set G′←G

2: While G and H contain a node Y that is a sink node in both DAGs and for which PaYG=PaYH, remove Y and all incident edges from both DAGs

3: end while

4: Let Y be any sink node in H

5: if Y has no children in G then

6: Let X be any parent of Y in H that is not a parent of

7: Y in G, add the edge X→Y

8: return G′

9: end if

10: Let DeYG denote the descendants of Y inG

11: And let D ∈ DeY G denote the (unique) maximal element from this set within  2

12: Let Z be any maximal child of Y in G such that G is a descendant of Y in G

13: if Y→Z is covered in G

14: reverse Y→Z in G′

15: Return G′

16: end if

17: if There exists a node X that is a parent of Y but not a parent of Z in G′ then

18: add X→Z to G′

19: return G′

20: end if

21: Let X be any parent of Z that is not a parent of Y

22: Add Y→Y to G′

23: return G′

Output: DAG G′ that results from adding or reversing an edge in G.

Then, the GES algorithm has 2 stages. In the first stage, it starts
from an equivalence class (empty graph) with no dependencies

and keeps adding possible edges to search for the largest
equivalence class of generalized scoring functions until the
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scoring functions’ local maximum is reached. Then, in the
second stage, the greedy principle is used to gradually delete
the directed edges until the generalized scoring function reaches
the local maximum again, and the final causal graph is obtained.

Considering that hypertension is a discrete variable while the
feature variables are continuous, we are essentially dealing with
mixed data. Traditional scoring functions such as Bayesian
information criterion and Bayesian Dirichlet equivalent uniform
do not take into account the issue of mixed data; for example,
it discretizes continuous data and process it uniformly, resulting
in a loss of valuable information. Therefore, we introduce a
generalized scoring function to replace traditional scoring
functions. The generalized function is primarily based on kernels
and handles linear causal relationships, nonlinear causal
relationships, continuous variables, discrete variables, and mixed
data in a uniform manner, maximizing information retention.
Finally, this scoring function addresses the issue of Markov
equivalence classes, to some extent, overcoming the limitation
of equivalence greedy search algorithms in distinguishing
Markov equivalence classes.

Finally, we needed to organize a feature matrix in which each
row represents a sample and each column represents a kind of
feature, then input this matrix into the equivalent greedy search
algorithm to obtain the causal graph. Prior to this, feature
selection is a necessary step to construct the feature matrix.

Feature Selection
This section mainly explains the specific process of feature
selection in this study, which is mainly divided into the
following 3 parts. After completing feature selection, we will
perform causal strategy and causal graph construction.

1. Six statistical metrics: Since ECG and PPG signals are time
series data, we extracted the beat-by-beat features and
calculated the statistical metrics of these 205 features to
represent the temporal variability information. The statistical
metrics include: standard deviation, range, mean, quartile
deviation, coefficient of variation, and median, which result
in 205×6=1230 dimensional features. This allows us to

capture and analyze the temporal characteristics of ECG
and PPG signals while summarizing them using key
statistical measures. Based on the extracted features, we
then detected the 6 different causal graphs of these features
with hypertension, which provide insights into the
relationships and causal effects among the extracted feature
variables and hypertension.

2. Significant difference analysis: Now, we need to use the
corresponding 205 features to construct a causal graph under
each metric. Due to the limitations of the equivalent greedy
search algorithm calculation efficiency, hardware device
computing power resources, and the number of subject
samples, the time cost of constructing a causal graph based
on 205 features is unacceptable. Therefore, we will use
significant difference analysis to exclude features that do
not show significant differences between hypertensive
patients and healthy people. Then, considering the time cost
and sample size, we will sort the retained features according
to the degree of significant difference. We ultimately
selected less than 50 features for causal graph construction.

3. Causal feature selection: In the following, we select the
features that have a direct causal relationship with the
hypertension node from the causal graph constructed under
each metric. A total of 24 causal features were selected
under the 6 metrics. It should be noted here that different
metrics mean observing the changes of the same feature
over a period of time from different perspectives. The
features with the same number under different statistical
metrics are essentially derivatives of the original features.
Taking feature 52 as an example, we can get 4 feature
variables under these metrics; they are shown in Figure 5.
These 4 feature variables are essentially derivatives of
feature 52. Therefore, in the final causal graph, we use
feature 52 nodes to represent the above 4 features. From
this, we can see that there are some features with the same
number among the 24 causal features. We can use a feature
node in the final causal graph to represent these feature
variables with the same number, and finally obtain a final
causal graph containing 10 feature nodes.
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Figure 5. Box plot of the various statistical indicators of the feature 52.

Strategy of Causal Inference
In order to mitigate the potential issues of bidirectional causality
and cyclic graphs, we conducted the analysis of the causal
relationships between respective feature variables and
hypertension under each indicator, culminating in the derivation
of corresponding causal subgraphs, so as to obtain the causal
graph.

1. Strategy for obtaining causal graph: We randomly
partitioned the dataset to identify the causal graph, with the
allocation of an additional validation set for subsequent
hypertension risk prediction. Recognizing that a single
random partitioning could introduce undesired stochasticity
(thereby rendering the resulting causal graphs potentially
unrepresentative), we draw inspiration from the concept of
10-fold cross-validation. This method involves conducting
10 iterations to compute causal subgraphs, followed by a
rigorous pruning process to retain only those segments

demonstrating direct causal associations with hypertension
within each causal subgraph. Subsequently, guided by the
principle of majority rule, we amalgamate the results of
these iterations to derive the ultimate causal subgraph.

2. Strategy for merging causal graph: After obtaining the final
causal subgraph with each graph identified with the 6
categories of features mentioned in feature selection section,
we assume that the weights of the causal relationships
between the feature variables and hypertension are equal
under each category of feature; based on the principle of
majority rule, we integrate multiple causal subgraphs into
the ultimate causal graph. This method can screen out more
reliable direct causal feature variables, further simplify the
causal graph, and preserve important information.

Classifier and Performance Evaluation
In conjunction with a 10-fold cross-validation approach to
partition the dataset into training and testing sets, our predictive
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modeling of hypertension risk primarily leverages 4
classification algorithms: random forest, logistic regression,
decision trees, and naive Bayes. These algorithms are selected
for their effectiveness in capturing diverse patterns in the data.
Moreover, the evaluation of our models is based on a
comprehensive set of performance metrics, encompassing
accuracy, precision, recall, F1-score, and the AUC, which are
defined later on. Following the derivation of the final causal
diagram, we proceeded to select an equal number of feature
variables with the strongest correlation to hypertension, based
on the point-biserial correlation coefficient. These selected
features were then used in the prediction of hypertension risk.
Subsequently, we compared the predictive performance of this
model with the one based on causal feature variables.

Results

Signal and Feature Analysis
We found that there are 24 feature variables directly causally
related to hypertension under 6 indicators. These can be
abstracted into 10 representative feature variables in the causal
graph. Then, we used the point-biserial correlation coefficient
to select the 24 feature variables with the strongest correlation
to hypertension. After conducting data analysis, we discovered
that there are 5 feature variables that overlap between the causal

feature variables and the correlated feature variables. These
variables are as follows and 4 of them are shown in Figure 5.

SDFeature 52 (SD of TD(sdPPGc−dPPGvalley))

QDFeature 52 (QD of TD(sdPPGc−dPPGvalley))

RFeature 52 (Range of TD(sdPPGc−dPPGvalley))

MEFeature 52 (Mean of TD(sdPPGc−dPPGvalley))

MEFeature 47 (Mean of TD(sdPPGc−PPGpeak))

Furthermore, we selected the representative samples from the
groups of hypertensive patients and healthy people for
comparative analysis. The PPG waveform analysis diagrams
of hypertensive patients and healthy people are shown in Figure
6, and the scatter plots of feature 52 are shown in Figure 7.
Then, based on the analysis of feature 52’s position in PPG
signals, we observed that in hypertensive patients, the peak of
the c-point on sdPPG may occur earlier compared to healthy
individuals. This could be a possible reason as to why feature
52 is strongly correlated with hypertension and is considered
to have a strong causal relationship with hypertension.

Finally, it is important to note that further research and
validation are necessary to confirm the relationship between
feature 52, the c-point on sdPPG, and hypertension. These
findings may provide valuable insights into potential markers
for hypertension and contribute to the understanding of its
pathophysiology.
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Figure 6. Comparison of PPG waveforms between healthy people and hypertensive patients. PPG: photoplethysmogram.
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Figure 7. Scatter distribution of feature 52 for normotensive subjects (green) and hypertensive subjects (red).

Causal Graph
In this study, considering the potential disturbance to the causal
graph caused by randomly partitioning the data into training
and testing sets, we used the idea of 10-fold cross-validation
and causal strategy I to mitigate such interference. After
applying the aforementioned procedures, we obtained a total of
6 causal subgraphs under different metrics. In addition, due to

space constraints, this paper only presents the causal subgraphs
under the standard deviation and range indicators, as shown in
Figures 8 and 9, respectively. It is observed that the feature
variables directly causally associated with the risk of
hypertension vary across different indicators. Based on the
principle of majority rule, we applied causal strategy II to obtain
the final causal graph, as depicted in Figure 10.
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Figure 8. Causal subgraph of hypertension and the features calculated with their standard deviation. AI: absolute intensity; AR: area under the PPG
curve; dPPG: the first derivative of PPG; P-R: precision-recall; PPG: photoplethysmogram; RI: physiological meaningful relative index; sdPPG: the
second derivative of PPG; TD: time duration.

Figure 9. Causal subgraph of hypertension and the features calculated with their range. AM: amplitude; AR: area under the PPG curve; dPPG: the first
derivative of PPG; P-R: precision-recall; PPG: photoplethysmogram; RI: physiological meaningful relative index; sdPPG: the second derivative of PPG;
TD: time duration.

Figure 10. Final causal graph. AR: area under the PPG curve; dPPG: the first derivative of PPG; P-R: precision-recall; PPG: photoplethysmogram;
RI: physiological meaningful relative index; sdPPG: the second derivative of PPG; TD: time duration.
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Hypertension Classification Results
In this subsection, we used multiple classifier algorithms for
hypertension classification prediction. First, we primarily
utilized logistic regression and other classification algorithms
based on causal feature variables for hypertension classification.
The classification performance is presented in Table 2. We
found that the logistic regression algorithm exhibited the best
predictive performance with an accuracy of 0.89, precision of

0.92, recall of 0.82, and F1-score of 0.87. Both the accuracy
and accuracy rate are relatively high, which means that our
classification prediction model can accurately predict
hypertensive patients and healthy people, and the probability
of making errors in the judgment of hypertensive patients is
low; the F1-score further proves the above conclusion. In
addition, a higher recall rate indicates that most patients with
high blood pressure can be correctly predicted.

Table . Causality-based classification performance.

F1-scoreRecallPrecisionAccuracyAlgorithm

0.830.770.900.86Random forest

0.760.780.760.78Decision tree

0.720.580.950.80Naive Bayes

0.870.820.920.89Logistic regression

Subsequently, Figure 11 illustrates the receiver operating
characteristic curve and precision-recall curve of the classifier
algorithms. The purple line represents the logistic regression
classification algorithm. It can be observed that the area under

the curve of this logistic regression classification algorithm is
higher than that of other classification algorithms in both
receiver operating characteristic and precision-recall curves.

JMIR Cardio 2025 | vol. 9 | e60238 | p.468https://cardio.jmir.org/2025/1/e60238
(page number not for citation purposes)

Gong et alJMIR CARDIO

XSL•FO
RenderX

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


Figure 11. The ROC curve (top panel) and P-R curve (bottom panel) of hypertension detection based on causal features with different machine learning
algorithms: the blue curve represents random forest (R), the green curve represents decision tree (D), the red curve represents naive Bayes (G), and the
purple curve represents logistic regression (L). AUC: area under the receiver operating characteristic curve; FPR: false positive rate; P-R: precision-recall;
ROC: receiver operating characteristic; TPR: true positive rate.

Finally, we compared the classification performance based on
causal feature variables with that based on correlated feature
variables, as shown in Table 3. We found that the best
performance in terms of the 4 evaluation metrics was
consistently achieved by the classification algorithm based on

causal feature variables. This finding is also consistent with the
results presented in Figures 12 and 13. These findings imply
that the causal characteristics we screened have certain mining
value in the field of hypertension prediction.
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Table . Classifier performance comparison.

F1-scoreRecallPrecisionAccuracyAlgorithm

Causality

0.820.770.900.86Random forest

0.790.780.760.78Decision tree

0.720.580.950.80Naive Bayes

0.870.820.920.89Logistic regression

Correlation

0.750.720.810.79Random forest

0.690.720.680.72Decision tree

0.770.740.820.80Naive Bayes

0.820.770.880.85Logistic regression
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Figure 12. The ROC curve (top panel) and P-R curve (bottom panel) for the best classifier of causality and correlation: the blue curve represents the
logistic regression classifier based on causality, while the red curve represents the logistic regression classifier based on correlation. AUC: area under
the receiver operating characteristic curve; FPR: false positive rate; P-R: precision-recall; ROC: receiver operating characteristic; TPR: true positive
rate.
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Figure 13. Histogram of evaluation metrics for the best classifier of causality and correlation.

Discussion

Principal Findings and Advantages
This study primarily explored the relationship between feature
variables extracted from ECG and PPG signals and hypertension
from a causal perspective, using causal inference methods to
construct causal graphs. Simultaneously, to preserve the
temporal information of time series signals to the maximum
extent, causal graphs were constructed separately for 6 metrics,
including standard deviation, mean, range, coefficient of
variation, median, and quartiles. These causal graphs were
derived based on specific causal strategies, ensuring a certain
degree of reliability and accuracy in the resulting causal graphs.
By assessing the performance of feature variables based on
causality in hypertension risk classification prediction against
those based on correlation, we validated the reliability of
causality-based feature variables compared to correlation-based
ones.

Specifically, when selecting feature variables strongly associated
with hypertension, both causal inference and correlation
coefficient–based methods performed similarly. However, when
the association between feature variables and hypertension was
weak, causal inference methods tended to select more reliable
feature variables compared to correlation-based methods. This
is the reason why feature variables based on causality
outperformed those based on correlation in hypertension risk
prediction. Additionally, we found that feature 52’s derived
variables exhibited significant differences in distribution
between the hypertensive and healthy subject groups under
multiple metrics. This may provide potential value and insights
for subsequent pathological mechanism analysis.

Comparison to Prior Work
This study conducted exploratory analysis, initially focusing
on the correlation analysis between hypertension and blood
pressure based on the medical information mart for intensive
care (MIMIC) database. Typically, the gold standard for
diagnosing hypertension is SBP and DBP, where subjects are
considered hypertensive when SBP exceeds 140 mm Hg or DBP
exceeds 90 mm Hg. Nevertheless, when clustering analysis was
performed on 24-hour dynamic blood pressure data collected
from patients, we observed that the blood pressure distribution
of hypertensive and nonhypertensive subjects did not exhibit
significant differentiation or stratification; instead, they appeared
mixed. After analysis, we attributed this phenomenon to factors
such as patients taking antihypertensive medications, being in
specific states, or incorrect device wear, which indirectly reflects
the limitations of blood pressure measurement. Second, we
previously conducted causal analysis [16] using data collected
from a self-generated database of 30 individuals. Causal analysis
was primarily carried out under the mean metric, resulting in
limited preservation of temporal information. However, it still
revealed significant differences in the distribution of feature 52
between the hypertensive and healthy subject groups, consistent
with the findings of this paper.

Limitations and Future Work
There were some limitations to this study. First, our work
primarily focused on binary classification to distinguish
hypertensive patients from healthy individuals. However,
hypertension can be categorized into different stages, such as
stage 1, stage 2, and stage 3, based on blood pressure level and
disease condition. Second, the population used could have been
more diverse in terms of race and ethnicity. In our future work,
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we will consider conducting clustering of the features to
distinguish different stages of hypertension, and we will validate
the work on larger and more diverse subject populations to be
able to draw more general conclusions.

Conclusion
In this study, we explored the feasibility of predicting the risk
of hypertension using causal inference methods. First, we
constructed causal graphs using the GES algorithm and 10-fold
cross-validation approach under each indicator. We then applied
corresponding causal strategies to obtain the optimal causal
graphs for each indicator. Finally, we merged the causal graphs

from different indicators into a final causal graph based on the
majority rule. After selecting the feature variables, we used
classifiers including random forests, decision trees, naive Bayes,
and logistic regression to predict hypertension. Overall,
combining various indicators, we found that most classifiers
based on causal features have better classification performance
than classifiers based on correlation features. To the best of our
knowledge, this study represents the first attempt to introduce
causal inference methods in hypertension prediction, providing
a new perspective for understanding the physiological
mechanisms of hypertension.
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Abstract

Background: High blood pressure (BP) is linked to unhealthy lifestyles, and its treatment includes medications and exercise
therapy. Many previous studies have evaluated the effects of exercise on BP improvement; however, exercise requires securing
a location, time, and staff, which can be challenging in clinical settings. The antihypertensive effects of dance exercise for patients
with hypertension have already been verified, and it has been found that adherence and dropout rates are better compared to other
forms of exercise. If the burden of providing dance instruction is reduced, dance exercise will become a highly useful intervention
for hypertension treatment.

Objective: This study aims to investigate the effects of regular exercise therapy using dance videos on the BP of patients with
hypertension, with the goal of providing a reference for prescribing exercise therapy that is highly feasible in clinical settings.

Methods: This nonblind, double-arm, randomized controlled trial was conducted at Juntendo University, Tokyo, from April to
December 2023. A total of 40 patients with hypertension were randomly assigned to either an intervention group (dance) or a
control group (self-selected exercise), with each group comprising 20 participants. The intervention group performed daily dance
exercises using street dance videos (10 min per video) uploaded to YouTube. The control group was instructed to choose any
exercise other than dance and perform it for 10 minutes each day. The activity levels of the participants were monitored using a
triaxial accelerometer. BP and body composition were measured on the day of participation and after 2 months. During the
intervention period, we did not provide exercise instruction or supervise participants’ activities.

Results: A total of 34 patients were included in the study (16 in the intervention group and 18 in the control group). The exclusion
criteria were the absence of BP data, medication changes, or withdrawal from the study. The mean age was 56 (SD 9.8) years,

and 18 (53%) of the patients were female. The mean BMI was 28.0 (SD 6.3) m/kg2, and systolic blood pressure (SBP) and diastolic
blood pressure (DBP) were 139.5 (SD 17.1) mm Hg and 85.8 (SD 9.1) mm Hg, respectively. The basic characteristics did not
differ between the two groups. In the multivariate analysis, SBP and DBP improved significantly in the intervention group
compared to the control group (mean SBP –12.8, SD 6.1 mm Hg; P=.047; mean DBP –9.7, SD 3.3 mm Hg; P=.006).

Conclusions: This study evaluated the effects of dance exercise on patients with hypertension, as previously verified, under the
additional condition of using dance videos without direct staff instruction or supervision. The results showed that dance videos
were more effective in lowering BP than conventional exercise prescriptions.

Trial Registration: University Hospital Medical Information Network UMIN 000051251;
https://center6.umin.ac.jp/cgi-open-bin/ctr_e/ctr_view.cgi?recptno=R000058446
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Introduction

High blood pressure (BP) is a major chronic disease that
threatens people’s health and is an important risk factor for
many types of heart, brain, and kidney vascular diseases. A total
of 590,000 Japanese individuals with high BP continuously
receive medical care, the highest number among lifestyle-related
diseases [1]. The prevalence of high BP among adults in the
United States was 29% from 2011 to 2014, and the prevalence
rates increased with age: 18-39 years, 7.3%; 40-59 years, 32.2%;
and 60 years and older, 64.9% [2]. The global population aged
older than 65 years is expected to double between 2019 and
2050 [3]. Japan has the oldest population worldwide; in 2013,
those aged older than 65 years exceeded 25% of the population
and are expected to exceed 40% by 2060 [4]. Therefore, high
BP is a global public health problem, and the number of patients
with the condition is expected to increase with the growth of
the aging population.

High BP is associated with an unhealthy lifestyle. The clinical
treatment of high BP involves antihypertensive medications
and lifestyle interventions, such as reducing salt intake, eating
a diet rich in fruits and vegetables, exercising, and maintaining
a healthy body weight [5]. Although antihypertensive
medications are the main treatment, exercise is also an important
recommendation for patients with high BP [6-8]. It is known
that regular moderate exercises, such as water walking, brisk
walking, running, small-sided soccer, and swimming, have
beneficial effects on BP in patients with hypertension [9-13].
The World Health Organization recommends at least 150
minutes of moderate to vigorous physical activity (MVPA) per
week [14]. However, in Japan, only about half of the population
(59.6% of men and 46.9% of women) meets these physical
activity standards [15]. Furthermore, during the COVID-19
pandemic, restrictions on outdoor activities led to decreased
physical activity levels [16]. It has also been suggested that
safety concerns, especially for women when exercising alone
outdoors or after sunset, as well as fear of criticism, are barriers
to engaging in physical activity [17]. Challenges in securing
time and space for exercise due to caregiving, childcare,
employment, and pandemics hinder physical activity.
Furthermore, although physical activity interventions delivered
or prompted by health professionals in primary care appear
effective in increasing participation in MVPA, exercise
prescription training for health care professionals is inadequate
[18].

Dance, a fun form of exercise that uses music and can be
performed in confined spaces, remains feasible, even in
situations such as the COVID-19 pandemic. Dance was part of
Japan’s educational curriculum in 2012 and was added as an
Olympic sport starting in 2024 [19]. A survey conducted in
Japan indicated that the proportion of teenagers participating
in hip-hop dance at least once a week rose from 2.1% in 2015
to 3.5% in 2023 [20]. Therefore, dance has become an accessible

sport, and compared to other activities such as marathon running
or swimming, is easier for patients to perform in terms of space
and time. A meta-analysis comparing dance to other exercises
found that adherence and dropout rates for dance were better
than those for other forms of exercise [21]. Previous studies
have shown that regular dance therapy can benefit hypertension
management in patients [22-30]. However, to the best of our
knowledge, no studies in Japan have examined the effects of
dance on BP. Additionally, previous studies involved direct
patient monitoring during exercise or used internet-based
methods for monitoring. In clinical settings, it is challenging to
gather participants for regular prescribed group dance sessions
or to monitor them using video chat. We, therefore, aimed to
investigate the effect of regular dance therapy interventions on
BP in patients with hypertension to provide a reference for
prescription studies on dance exercise therapy in these patients.
We hypothesized that performing the same movements without
monitoring using self-made dance videos could lower BP and
be useful as a nonpharmacological treatment for high BP.

Methods

Ethical Considerations
This study was approved by the Ethics Committee of Juntendo
University (approval: E22-0387). The participants received
written information about the trial, including its aim, expected
advantages, and role, and were asked to provide written
informed consent. This study was retrospectively registered
with the University Hospital Medical Information Network
(UMIN) under ID UMIN 000051251 and with the International
Standard Randomized Controlled Trial Number registry (under
ID ISRCTN46013). The UMIN is a network member of the
Japan Primary Registries Network, as described in the World
Health Organization registry network. All procedures were
performed in accordance with relevant guidelines and
regulations.

Setting and Design
This study was conducted at the Juntendo University Department
of General Medicine, Tokyo, Japan, a regional core hospital
that treats many patients with lifestyle-related diseases.
Outpatients generally visit the hospital every 2 months.

This was a nonblind, double-arm randomized controlled trial
conducted from April 1, 2023, to December 27, 2023. Based
on a previous study [31], we set the intergroup difference
(difference from baseline) to –9 and the SD at 9. The results of
previous studies are as follows: mean difference (MD) –8.75
mm Hg; 95% CI –6.51 to –10.39 for systolic BP, and MD –8.35
mm Hg; 95% CI –6.25 to –10.45 for diastolic BP. This study
anticipated a similar decrease in BP, as reported previously.
With a desired power of 80%, a sample size of 34 individuals
was calculated. Considering a dropout rate of 15%, we selected
a sample size of 40 participants, allocated in a 1:1 ratio into two
groups using a random number table: the intervention (dance)
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group (n=20) and the control group (n=20). TM created the
randomization table, staff members (MSakairi) conducted the
recruitment, and the admin assistant conducted the group
allocation.

We included outpatients with high BP from the Juntendo
University Department of General Medicine. These patients
with hypertension had been diagnosed with hypertension and
were receiving regular oral medication. The patient was invited
to participate in this study by their primary physician, whom
they regularly visited for hypertension management, and consent
was obtained. Participants were informed that their participation
in this study was voluntary and that they could withdraw if they
chose to discontinue after joining. Additionally, if their primary
physician determined that withdrawal was necessary due to
changes in their medical condition, the study could be
terminated. We excluded patients with complications rendering
them unsuitable for exercise, such as cardiovascular disease,
cerebral vascular disease, those unable to balance on one leg,
and patients who were newly prescribed antihypertensive drugs
or who were administered antihypertensives later.

Interventions

Development of Dance Videos
The intervention group watched an approximately
10-minute-long dance video and replicated the movements. The
dance videos for the intervention group were created using the
following materials and procedures. One of the authors
(MSakairi), with 29 years of extensive experience in dance,
developed a dance program based on street dance, with reference
to instructional videos for school classes [32]. The music used
for the dance was selected from DOVA-SYNDROME [33].
The staff used exhaled-breath analysis to measure the dance
activity level and create five videos ranging from 4.5 to 7
metabolic equivalent of task (METs), measuring the intensity
of physical activity that represents the metabolic rate relative
to the resting metabolic rate (Figure 1). The formula used to
calculate METs is expressed as follows:

Figure 1. Details about dance. (A) The process of creating the dance. We have used exhaled breath analysis to measure the activity level of dance and
created five videos ranging from 4.5 to 7 METs. (B) A part of the distributed dance video. We distributed the video of the dance we created to participants
using YouTube. MET: metabolic equivalent of task.

During the dance activity, METs were measured using a
respiratory gas analyzer (pulmonary exercise load monitoring
system: AE-310S, Minato Medical Science Co, Ltd, Osaka city,
Osaka, Japan). The average METs for each dance video were
as follows: (1) 4.57, (2) 4.86, (3) 4.84, (4) 6.95, and (5) 7.11
METs. Measurements were conducted using the
breath-by-breath method to calculate VO2 and VCO2 based on
signals from high-precision flow sensors [34]. We uploaded the
created dance videos to YouTube with restricted access.

Intervention Group Procedures
On the day of recruitment, we provided the intervention group
with a URL to access the five YouTube videos. Participants
were instructed to freely select a dance from the 5 videos and
perform it daily while watching the video. We did not provide
any guidance on dance instruction or supervision during the
dance sessions. However, we instructed the control group to
freely select any exercise other than dance and perform it for
10 minutes daily. Additionally, on the day of recruitment, BP
and body composition were measured, and web-based surveys
were administered using Google Forms to all participants. BP
was measured using an automatic medical electronic BP monitor

(HBP-9035 Kentaro, OMRON Health Care Co, Ltd, Kyoto City,
Kyoto Prefecture, Japan).

Participants from both groups were instructed not to change
their lifestyle 2 weeks from the day of recruitment and to wear
an ActiGraph continuously during this period, except during
sleep and bathing. ActiGraph is a 3-axis accelerometer
(wGT3X-BT ActiGraph, ActiGraph, LLC). Actigraph triaxial
accelerometers are the most extensively used devices in
numerous studies focused on monitoring human physical activity
energy expenditure; they are capable of detecting changes in
motion and converting them into digital signals, which can then
be analyzed to estimate energy expenditure [35].

Two weeks after recruitment, both the intervention and control
groups were instructed to begin their designated exercises and
continue until the end of the study period.

Approximately 2 months after recruitment, during a regular
outpatient visit, BP and body composition were measured again,
and another web-based survey was completed. Subsequently,
the participants were instructed to wear the ActiGraph
continuously, except during sleep and bathing, for another 2
weeks (Figure 2). During the intervention period, participants
in both the intervention and control groups did not receive
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exercise guidance, nor were the frequency or manner of their
exercise monitored. We did not compensate the participants of
this study. The research data of patients in this study were

anonymized using identification numbers; however, researchers
could still identify individual patients with these numbers.

Figure 2. Research schedule. We instructed both the intervention group and the control group to exercise and measured their physical activity levels
using an actigraph.

Outcome Measures

Variables
The variables used in this study were gender, age, number of
antihypertensive drugs, number of lifestyle-related diseases
(diabetes, dyslipidemia, and hyperuricemia), medical history
(cerebral infarction and ischemic heart disease), height, body
weight, body muscle mass, body fat mass, family in need of
care (children and adults), the presence of cohabitants, exercise
habits, systolic blood pressure (SBP), diastolic blood pressure
(DBP), and MVPA per day (corresponding to activity levels
that are moderate or higher in intensity, namely, a level of 3
METs or higher).

Primary Outcome
The main outcome of this study was BP. During the study
period, we measured the BP and body composition of the
patients twice for comparison. This was performed on the day
of participation and 2 months after participation during
outpatient visits.

Data Collection
We obtained the participants’ gender, age, frequency of
antihypertensive medication use, lifestyle-related diseases
(diabetes, dyslipidemia, and hyperuricemia), and medical history
(cerebral infarction, and ischemic heart disease) from medical
records for both groups. The body composition measured on
the day of recruitment and 2 months later included height,
weight, muscle mass, and body fat mass. In addition, a
web-based survey using Google Forms was conducted to inquire
about the presence of cohabitants, caregivers (both children and
adults), and exercise habits. The criteria of the ActiGraph for
adopting the data involved confirming valid days with worn
durations of 10 hours or more per day, with at least 7 such days
within 2 weeks. The average value for the adopted days was
calculated for each individual [36-38]. In this study, as it is
exploratory research rather than a confirmatory study, we did
not perform multiplicity adjustments.

Statistical Analyses
All statistical analyses were performed using JMP Pro (version
16.0; SAS Institute). All reported P values were 2-tailed, and
P values <.05 were considered statistically significant. The
results are presented as mean (SD) for continuous variables or
as prevalence (%) for categorical variables. Comparisons
between two groups were performed using the chi-square test.
Multiple regression analysis was performed on both groups,
with BP as the dependent variable. The other covariates were
gender, age, and daily MVPA before starting exercise.

Results

A total of 40 patients participated in the study (see Multimedia
Appendix 1 for CONSORT [Consolidated Standards of
Reporting Trials] checklist), and 20 outpatients were evaluated
in each intervention and control group. We excluded 2 patients
who lacked BP data, one patient who changed medications, and
1 patient who withdrew to care for a parent from the dance
group. We also excluded one patient who changed medications
and one patient who took a double dose from the control group.
These participants could have experienced BP changes due to
antihypertensive medications, and the lack of BP data makes
evaluation difficult. Including these participants may reduce
validity, so it is reasonable to exclude them. Therefore, 16
patients in the intervention group and 18 patients in the control
group were analyzed (Figure 3). Among the participants, 18
(53%) participants were female, 4 (12%) participants were
family caregivers, and 19 (56%) participants had lifestyle
diseases (diabetes, dyslipidemia, and hyperuricemia). The mean
age was 56 (SD 9.8) years, the mean number of patients who
took treatment with an antihypertensive drug was 1.5 (SD 0.5),

the mean BMI was 28.0 (6.3) m/kg2, the mean body muscle
mass was 46.5 (SD 9.6) kg, the mean body fat mass was 25.3
(SD 13.8) kg, the mean MVPA time of per day was 20.8 (SD
14.3) minutes, and the mean SBP and DBP were 139.5 (SD
17.1) and 85.8 (SD 9.1) mm Hg (Table 1).
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Figure 3. Number of participants and exclusions from the study. Four participants were excluded from the intervention group and two from the control
group.

Table 1. Characteristics comparing intervention and control groupsa.

P valueControl group (n=18)Intervention group
(n=16)

Total (n=34)Variable

.709 (50)9 (56)18 (53)Sex (female), n (%)

.2059 (8)54 (11)56 (9.8)Age (years), mean (SD)

.101.5 (0.5)1.5 (0.5)1.5 (0.5)Antihypertensive drug, mean (SD)

.5011 (61)8 (50)19 (56)Lifestyle disease, n (%)

.8029.1 (1.5)27.2 (1.5)28.0 (6.3)BMI (m/kg2), mean (SD)

.6047.4 (9.7)45.4 (9.7)46.5 (9.6)Body muscle mass (kg), mean (SD)

.4027.1 (13.9)23.0 (14.0)25.3 (13.8)Body fat mass (kg), mean (SD)

.902 (11)2 (13)4 (12)Family caregiver, n (%)

.60138.2 (3.8)141 (4.6)139.5 (17.1)SBPb (mm Hg), mean (SD)

.8085.4 (6.8)86.3 (11.4)85.8 (9.1)cDBP (mm Hg), mean (SD)

.2017.3 (9.7)24.7 (4.6)20.8 (14.3)MVPAd per day (minutes), mean (SD)

aThis is the blood pressure measured on the first day of recruitment.
bSBP: systolic blood pressure.
cDBP: diastolic blood pressure.
dMVPA: moderate to vigorous physical activity (moderate intensity activities range from 3.0 to 5.9 METs, while high-intensity activities are 6.0 METs
or above).

As a result, there was a difference in SBP between the 2 groups.
The mean for the intervention group was –7.9 (SD 18.1) mm
Hg and the mean for the control group was 3.9 (SD 14.5) mm
Hg (P=.04). No difference was observed in DBP (mean –6.6,
SD 11.1 mm Hg; mean –0.94, SD 10.6 mm Hg; P=.14), body
weight (mean –3.5, SD 13.3 kg; mean –5.4, SD 18.7 kg; P=.74),

body muscle mass (mean –7.9, SD 16.6 kg; mean –5.1, SD 15.6
kg; P=.61), body fat mass (mean –0.075, SD 1.1 kg; mean –1.0,
SD 0.46 kg; P=.06), time of MVPA (mean 1.4, SD 7.5 min;
mean –1.1, SD 6.9 min; P=.32) between the group and control
group (Table 2).
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Table 2. Amount of change before and after intervention between groupsa.

Diastolic blood pressureSystolic blood pressure

P valueSDEstimateP valueSDEstimate

.0063.3–9.7.0476.1–12.8Dance

.703.1–1.1.605.9–2.8Sex

.0010.2–0.6.100.3–0.5Age

.090.1–0.006.300.2–0.2Pre-MVPAb (minutes)

aMissing values were excluded from the analysis.
bSBP: systolic blood pressure.
cDBP: diastolic blood pressure.
dMVPA: moderate to vigorous physical activity.

In the multivariate analysis, SBP and DBP improved
significantly in the intervention group compared with the control
group (mean SBP –12.8, SD 6.1 mm Hg; P=.05; mean DBP
9.7, SD 3.3 mm Hg; P=.006). For the other covariates, only age

showed a significant difference in DBP (P=.001; Table 3). No
significant harm or unexpected effects were reported during
this study.

Table 3. Multivariable analysis of systolic/diastolic blood pressure and each response variablea.

Diastolic blood pressureSystolic blood pressure

P valueSDEstimateP valueSDEstimate

.0063.3–9.7.0476.1–12.8Dance

.703.1–1.1.605.9–2.8Sex

.0010.2–0.6.100.3–0.5Age

.090.1–0.006.300.2–0.2Pre-MVPAb (minutes)

aMissing values were excluded from the analysis.
bMVPA: moderate to vigorous physical activity.

Discussion

Principal Findings
Our results confirmed that regular exercise therapy using dance
videos can lower the BP of patients with hypertension, even
without monitoring. To the best of our knowledge, this is the
first report of this finding.

BP control is crucial to maintaining health. However, various
barriers, such as environmental and time constraints, prevent
patients from engaging in exercise, which is a useful
nonpharmacological therapy for BP control.

The Relationship Between Exercise and BP
Regarding the relationship between exercise and BP, the
antihypertensive effects of aerobic exercise have been well
documented in numerous meta-analyses [8,39,40]. Aerobic
exercise can significantly decrease SBP and DBP, with specific
reductions observed in postmenopausal women and those who
participate in combined aerobic and resistance exercises [41].
The American College of Cardiology/American Heart
Association guidelines report that exercise therapy can reduce
SBP by 2-5 mm Hg and DBP by 1-4 mm Hg [42]. An 8-week
stepping exercise program lowered SBP/DBP by 13.1/14.8 mm
Hg in older women with stage 1 hypertension [43]. In another
study, swimming reduced SBP and DBP by 9 mm Hg over 20
weeks [44]. A meta-analysis of 22 trials (736 participants)

examining the effects of regular running on resting BP showed
a significant reduction in hypertensive patients’ resting BP, with
a weighted MD of SBP –5.6 mm Hg (95% CI –9.1 to –2.1;
P=.01) and DBP –5.2 mm Hg (95% CI –9.0 to –1.4; P<.01)
[11]. A meta-analysis of 32 studies examining the effects of
walking interventions on cardiovascular disease risk factors
found a significant improvement in BP among patients with
hypertension, with SBP –3.58 mm Hg (95% CI –5.19 to –1.97)
and DBP –1.54 mm Hg (95% CI –2.83 to –0.26) [45]. Although
the mechanisms underlying these effects are not fully
understood, several other factors have been considered. Exercise
likely reduces arterial pressure by decreasing cardiac output
and total peripheral resistance [46]. Exercise reduces vascular
responsiveness to norepinephrine, which increases vascular
resistance, and reduces plasma endothelin-1 concentration.
Furthermore, endothelium-dependent vasodilation is critically
dependent on the production of nitric oxide. Exercise training
has been shown to increase nitric oxide production and improve
vasodilatory function in healthy participants [47-58]. Vertical
head movements during moderate exercise may reduce
angiotensin II type 1 receptor expression and BP [59]. Other
mechanisms include structural changes in the blood vessels and
genetic factors; however, more data are needed [60-62]. In this
study, the dance group showed significant improvement in SBP
and DBP compared to the control group (mean SBP –12.8, SD
6.1 mm Hg and mean DBP –9.7, SD 3.3 mm Hg). This
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improvement is comparable to that observed with other aerobic
exercises.

The Relationship Between Dance and BP and
Monitoring Methods in Previous Studies
Dance is a dynamic aerobic endurance exercise that is broadly
defined as moving one’s body rhythmically to music, usually
as a form of artistic or emotional expression. Many health
benefits of dance have been realized in recent years. In a
previous meta-analysis, the effects of dancing on a large variety
of physical health measures were assessed in healthy adults.
Studies on healthy adults have found that dance is equal to or
greater than exercise in terms of its effectiveness in improving
physical health [63-68]. Additionally, a meta-analysis comparing
dance with other exercises showed that attrition rates from dance
interventions were reported to be lower or equal to exercise,
and adherence rates from dance interventions were higher or
similar to exercise [21]. In a meta-analysis, dance therapy
significantly reduced BP in patients with hypertension, with
reductions of approximately 12 mm Hg in SBP and 3.4 mm Hg
in DBP [69]. Patients with hypertension undergoing dance
movement therapy experience reductions in SBP by 19.2 mm
Hg and DBP by 9.5 mm Hg after 4 weeks of twice-weekly
sessions [25]. Dances performed in dance movement therapy
are often rooted in modern dance [26], but other dance genres
also have a positive impact on BP control in patients with
hypertension. In aerobic dance, participants saw a decrease in
SBP by 18.8 mm Hg and DBP by 8.9 mm Hg over 12 weeks
of 45-minute sessions three times a week [27]. Hula dance
participants experienced a reduction in SBP by 18.3 mm Hg
compared to 7.6 mm Hg in the control group after 12 weeks of
60-minute sessions twice a week [28]. In a study of older adults
performing folk dance, SBP decreased from 146.8 mm Hg to
133.8 mm Hg and DBP from 78 mm Hg to 72 mm Hg over 12
weeks of 50-minute sessions three times a week [29].
Additionally, chain dance led to a decrease in SBP by 9 mm
Hg and DBP by 6 mm Hg after 6 weeks of 30 to 45-minute
sessions twice a week [30]. Overall, dance has been suggested
to be highly effective in improving BP, and the results of this
study support this.

Differences Between Previous Dance Studies and Ours
Naturally, exercise prescriptions are meaningless unless
implemented by patients. The method of monitoring exercise
implementation is likely an important factor in evaluating the
effectiveness of exercise therapy in patients with hypertension.
In previous studies investigating the relationship between dance
exercise prescriptions and BP control, improvements in BP
control were observed in all cases. However, as mentioned, in
all these studies, the execution of dance exercises was monitored
face-to-face or through other means. The most significant
difference between this study and the previous research is that
we tested the effectiveness of dance-based exercise prescriptions
on BP without monitoring. To our knowledge, no previous study
has examined the antihypertensive effects of dancing without
monitoring. This study is the first to entrust everything to the
patients themselves, without monitoring whether the exercise
prescriptions were carried out or how accurately the participants
performed the dance. In this study, we did not conduct

monitoring during the dance sessions; the SBP and DBP in the
dance group showed a significant improvement compared with
those in the control group. General outpatient care must be
carried out in a very short time, lasting only 5-10 minutes, and
the existence of a fixed tool that can be used without supervision
is thought to be highly effective in the management of
lifestyle-related diseases.

Therefore, dance exercises using dance videos may be superior
to other forms of exercise in terms of sustainability. Previous
noninterventional studies have found that the primary intrinsic
motivator for participation in dance was having fun [70] or
improving mood [71], whereas participants also experienced
significant physical benefits. This was a secondary motivator
for initial and maintained participation, thereby likely
demonstrating the enjoyment and adherence link that exists in
dance. It is presumed that the pleasure and enjoyment
experienced by many through dance offers the additional
advantage of an increased likelihood of regular participation
and adherence, which are essential features for achieving
long-term health benefits and could explain the results seen in
the included studies. This result is consistent with previous
findings. Additionally, in this study, a dance exercise video
posted on YouTube was provided as reference material for
physical activity. This approach may have facilitated patients’
access to an exercise “model,” potentially leading to improved
adherence to the prescribed physical activity.

The Significance of Applying This Study to Clinical
Medicine
Incorporating exercise prescriptions using YouTube dance
exercise videos into outpatient treatment may improve BP
control in patients with hypertension, similar to other exercise
prescriptions, even in busy and understaffed outpatient settings
without monitoring. If video-based dance prescriptions, such
as those used in this study, were put into practice, doctors would
only need to provide patients with dance prescription videos.
This could eliminate the need to spend valuable time during
outpatient visits explaining exercises or monitoring exercise
routines.

Limitations
This study had a few limitations.

First, because the patients were recruited from a single university
hospital, there may be a risk of selection bias. In the future, this
can be improved by recruiting more participants from additional
outpatient clinics.

Second, the frequency of dance sessions and the accuracy of
movements in the intervention group were unknown. Exercise
therapy, intensity, and duration in the control group were also
unknown because they were not measured.

Third, the timing of the outpatient visit was generally set at 8
weeks after registration for both BP and body composition
measurements; however, there was some variation due to the
timing of the outpatient visit.

Fourth, factors such as exercise, diet, and sleep immediately
before BP measurement were not standardized because the
schedule was adjusted to suit the participants’ convenience.
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Fifth, since three participants from each group dropped out
during the observation period, BP changes in these individuals
may have occurred due to antihypertensive medications, making
evaluation difficult due to the absence of BP data. Including
these participants could reduce the validity of the study;
therefore, their exclusion is appropriate.

Despite these limitations, this study remains useful, though it
faces constraints due to its focus on verifying the effectiveness

of exercise prescriptions through dance videos in outpatient
settings.

Conclusions
This study examined the effects of videos of unsupervised dance
exercises on patients with hypertension. The results showed
that dance videos were more effective in lowering BP than
conventional exercise prescriptions. These results will contribute
to exercise therapy for patients with lifestyle-related diseases.
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Abstract

Background: Digital technologies are increasingly being implemented in health care to improve the quality and efficiency of
care for patients. However, the rapid adoption of health technologies over the last 5 years has failed to adequately consider patient
and clinician needs, which results in ineffective implementation. There is also a lack of consideration for the differences between
patient and clinician needs, resulting in overgeneralized approaches to the implementation and use of digital health technologies.

Objective: This study aimed to explore barriers and facilitators of the implementation of digital technologies in the diagnosis
of heart disease for both patients and clinicians, and to provide recommendations to increase the acceptability of novel health
technologies.

Methods: We recruited 32 participants from across the United Kingdom, including 23 (72%) individuals with lived experience
of heart disease and 9 (28%) clinicians involved in diagnosing heart disease. Participants with experience of living with heart
disease took part in semistructured focused groups, while clinicians contributed to one-to-one semistructured interviews. Inductive
thematic analysis using a phenomenological approach was conducted to analyze the resulting qualitative data and to identify
themes. Results were discussed with a cardiovascular patient advisory group to enhance the rigor of our interpretation of the
data.

Results: Emerging themes were separated into facilitators and barriers and categorized into resource-, technology-, and user-related
themes. Resource-related barriers and facilitators related to concerns around increased clinician workload, the high cost of digital
technologies, and systemic limitations within health care systems such as outdated equipment and limited support.
Technology-related barriers and facilitators included themes related to reliability, accuracy, safety parameters, data security, ease
of use, and personalization, all of which can impact engagement and trust with digital technologies. Finally, the most prominent
themes were the user-related barriers and facilitators, which encompassed user attitudes, individual-level variation in preferences
and capabilities, and impact on quality of health care experiences. This theme captured a wide variety of perspectives among the
sample and revealed how patient and clinician attitudes and personal experiences substantially impact engagement with digital
health technologies across the cardiovascular care pathway.

Conclusions: Our findings highlight the importance of considering both patient and clinician needs and preferences when
investigating the barriers and facilitators to effective implementation of digital health technologies. Facilitators to technology
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adoption include the need for cost-effective, accurate, reliable, and easy-to-use systems as well as adequate setup support and
personalization to meet individual needs. Positive user attitudes, perceived improvement in care quality, and increased involvement
in the care process also enhance engagement. While both clinicians and patients acknowledge the potential benefits of digital
technologies, effective implementation hinges on addressing these barriers and leveraging facilitators to ensure that the technologies
are perceived as useful, safe, and supportive of health care outcomes.

International Registered Report Identifier (IRRID): RR2-10.1136/bmjopen-2023-072952

(JMIR Cardio 2025;9:e66464)   doi:10.2196/66464

KEYWORDS

heart disease; digital technologies; stakeholder perspectives; qualitative research; digital technology; health technology; heart;
cardio; cardiology; cardiovascular; qualitative; focused group; quality of care; efficiency; digital health; mobile phone; artificial
intelligence; AI

Introduction

Background
There has been a sharp rise in the use of digital health
technologies in health care, particularly after the COVID-19
pandemic, which drove rapid adoption of remote measurement
and consultation technologies [1-3]. In parallel, there has been
a rapid growth in the use of consumer well-being devices
marketed directly to citizens that monitor a range of health
measures, such as sleep and heart rate [1-3]. Cardiovascular
medicine has been one of the earliest adopters of digital
technology in health care because aspects of cardiovascular
health, such as electrocardiograms (ECGs), are already proven
to be clinically relevant and are measurable using both medical
devices and consumer wearables [4-6].

The potential benefits of using digital health technologies within
cardiovascular health care are considerable, including early
identification and modification of risk factors such as diabetes
or hypertension; earlier, faster, or more accurate diagnosis;
personalized treatment and management plans; improved ability
to monitor disease and detect deterioration; and improved
symptom assessment [7]. Meanwhile, health care systems are
facing increasing challenges in delivering services designed in
a predigital era. Existing care pathways remain rooted in
face-to-face clinical assessments and siloed data about the
patient across different analog and digital systems that are
inaccessible to both the patient and their different care teams.

Digital health technologies could help address factors that
contribute to delayed or inaccurate diagnosis of cardiovascular
diseases [8]. An example of such an emerging technology is
digital twins, which uses mathematical models to process data
that are continuously updated to monitor various physiological
symptoms over time [9-11]. This allows for the capture of
longitudinal symptom data, provides customizable feedback for
patients to help them alter behavior and self-manage their
condition, and improves patient-clinician communication [12].
This efficient processing of large amounts of cardiovascular
data highlights the substantial cost benefits of implementing
digital health technologies [13].

The potential of digital technologies to improve health care has
often been discussed, particularly by policy makers. However,
it is also important to acknowledge that these novel technologies
may pose risk, have negative effects on the users and the health

care system, or face resistance from patients and clinicians.
During the COVID-19 pandemic, patients reported several
barriers to engagement with telehealth, including the lack of
human contact, concerns related to confidentiality and data
security, and a requirement for training in the use of new
platforms [3]. Several qualitative studies have examined
technology engagement among patients with cardiovascular
diseases [14,15]. One recent review revealed 4 interrelated
themes across 7 qualitative studies, including trust, safety and
confidence, functionality and affordability, and risks and
assurance, highlighting the complexity of factors contributing
to patient engagement [14]. However, the focus of previous
investigations has been primarily on technology used in
rehabilitation or self-management of the confirmed disease
[14,16-19]. However, the most common first stage of medical
care is the diagnosis of symptoms that may reflect underlying
heart disease, with an estimated 39% of adults experiencing
symptoms that can reflect possible underlying heart disease
such as chest pain [20]. Therefore, the initial onset of symptoms
that may indicate cardiovascular problems affects a far greater
number of people than those dealing with recovery from or
management of heart disease. Furthermore, the diagnosis stage
often comes with increased stress, frustration, and confusion
for the patient and their families [21,22]. Thus, specific research
is needed to understand the factors that influence the uptake of
digital technologies at the stage of diagnosis, as these factors
may differ from those that influence the use of technologies in
people with proven heart disease.

Moreover, there is rarely a combined focus on both clinician
and patient views, which prevents our ability to capture a more
holistic perspective on the implementation of health care
technology in clinical settings. Patients and clinicians have
different needs and expectations of digital technologies,
requiring specific exploration of approaches that can address
these needs and expectations simultaneously. Al-Naher et al
[23] examined factors influencing engagement in remote health
care in heart failure and included both patient and clinician
perspectives in their review. However, their final conclusions
did not differentiate between these different user groups,
applying the resulting 5 overarching themes (convenience, ease
of use, education, clinical care, and communication) to both
groups to provide insight to improve engagement [23], without
adjustment based on user-specific needs. Meanwhile, 1 scoping
review on the uptake of digital health technology across
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cardiovascular care provided separate barriers and facilitators
between patient-level and clinician-level perspectives [24].
Their findings suggest that specific considerations should be
made regarding user needs when attempting to implement
acceptable and useful digital health technologies across different
stages of cardiovascular care.

Ultimately, there remains a substantial gap in our understanding
of the factors impacting engagement with digital health
technologies for heart disease diagnosis across patients and
clinicians. Therefore, more work is needed to provide
stakeholder-led insights into specific barriers to target and
facilitators to consider in the early stages of novel technology
development, to improve engagement with, and thus the efficacy
of, novel digital health technologies aiming to improve the
accuracy and efficiency of heart disease diagnosis.

Objectives
We used a qualitative approach to address the following
objectives:

• Understand patients’ and clinicians’ views on the barriers
and facilitators to the implementation of digital technologies
for the diagnosis of heart disease

• Explore whether these perspectives on digital technology
differ between patients and clinicians

• Provide evidence-based design considerations for novel
digital health technologies to allow for more effective
implementation for the diagnosis of heart disease

Methods

Overview
Our protocol and methodology have been previously published
[25]. This study was conducted as part of a wider project aiming
to test technologies available to diagnose a range of heart
diseases and establish the most useful ways of communicating
data back to clinicians and patients. The findings from this work
have contributed to the development of testing priorities and
procedures for a larger quantitative trial. The project represents
a collaboration between clinical and research institutions across
the United Kingdom.

The study was conducted and reported according to COREQ
(Consolidated Criteria for Reporting Qualitative Research) [26]
guidelines. The question topic guide involved 2 main parts:
experiences relating to diagnostic delays and errors, and
investigation of barriers and facilitators of engagement with
technologies throughout the heart disease diagnosis pathway
(Multimedia Appendix 1).

We have previously reported stakeholder experiences of heart
disease diagnosis, specifically aiming to identify challenges
contributing to delayed and inaccurate diagnosis [12]. This
paper presents additional data collected to identify barriers and
facilitators to the implementation of digital technologies for
heart disease diagnosis, which are critical for uptake into clinical
care.

Study Design
A qualitative approach was taken to capture the depth and
complexity of technology-related challenges faced by both
patients and clinicians. We conducted semistructured focus
groups with people with lived experience (LE) of heart disease
to facilitate discussions on shared perspectives regarding the
use of digital health technologies and to allow for direct
comparisons among a range of diverse experiences with
technology, which may have been missed in a one-on-one
interview.

We conducted 1:1 interviews with clinicians to allow greater
flexibility around their schedules and collect information across
a range of clinical specialties.

Patient and Public Involvement
All participant-facing materials were reviewed by a
Sheffield-based cardiovascular patient advisory group. This
ensured the information sheet, consent form, and focus group
topic guides were accessible and easy to understand, including
any technology-related terminology used. This led to the
inclusion of a detailed description of the meaning of digital,
followed by several examples of digital technologies throughout
the questions covered.

Study Population
Inclusion criteria for LE participants were a previous diagnosis
of heart disease, aged ≥18 years, able to speak English
sufficiently for participation, and able to consent to participate.
Exclusion criteria included major cognitive impairment or
dementia preventing participation. The inclusion criteria for
clinicians were >6 months of experience in the diagnosis of
heart disease, aged ≥18 years, able to speak English, and able
to consent to participation.

The number of participants recruited for focus groups and
interviews was based on pragmatic considerations [27], such
as the time available for data collection against the wider project
deadlines and the research team’s previous experience
conducting qualitative research with clinicians [25]. With these
practical considerations alongside recent evidence that data
saturation can be achieved in as little as 9 interviews and 4 focus
groups [28], we aimed to recruit between 4 and 6 LE participants
across 4 focus groups to allow adequate time for each participant
to share their views and experiences, and to interview 10
clinicians to achieve data saturation.

Procedure
All participants were recruited in the United Kingdom, and data
were collected between November 2022 and April 2023. We
implemented a decentralized recruitment strategy, recruiting
LE participants via Prolific (a web-based research platform), a
panel for patients with cardiovascular diseases at the Sheffield
University, and from UK-based participants from the Remote
Assessment of Disease and Relapse–Major Depressive Disorder
research study who had consented to be contacted for future
research purposes [29]. Study information sheets were sent to
people identified as meeting the eligibility criteria, with the
advice to contact the study team if they were interested in
participating. Study details were additionally shared on X,
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formerly known as Twitter. Individuals interested in
participating were contacted via email to arrange an introductory
phone call to confirm interest and eligibility. In this meeting,
FM described the research and the procedure of the study.
Recruitment materials can be found in Multimedia Appendix
2.

Clinicians were recruited using purposive sampling via personal
and professional connections and a registered general physician
Facebook (Meta Platforms, Inc) group. The study information
sheets were posted on the Facebook group, with interested
clinicians advised to contact the study team directly. Among
them, clinicians represent a range of clinical roles across the
heart disease pathway, from diagnosis through to long-term
management. However, for the purposes of this study, we
exclusively recruited those who diagnose heart disease on a
regular basis. All information was given to clinicians via email
before the web-based interview.

Consent and baseline demographic data were collected via
web-based Qualtrics (Qualtrics International, Inc) surveys before
qualitative data collection (Multimedia Appendix 3). The focus
groups and interviews follow a preapproved, semistructured
question schedule. Each focus group included either 5 or 6
participants. All focus groups and interviews were conducted
on the web using Zoom (Zoom Video Communications), with
focus groups lasting about 90 minutes and interviews ranging
between 30 and 90 minutes, based on clinician availability.
Interviews and focus groups were facilitated by KA, a
psychology graduate working full time on the project. KA had
no ongoing relationship with the participants and was not
involved in their clinical care. She had neither previous
experience in cardiology nor assumptions or expectations of
the data. To support participants who may have found it
challenging to engage with general questions about barriers and
facilitators for digital technologies as a broad category, we
included follow-up prompts and clarifying examples to help
participants contextualize their responses, for instance, the
provision of specific scenarios or requests to reflect on their
experiences with technologies such as wearables, portable ECG
monitors, or smartphones.

Ethical Considerations
This study was reviewed and approved by the Sciences &
Technology Cross-School Research Ethics Council at the
University of Sussex (reference ER/FM409/1). It was conducted
according to institutional and international guidelines for ethical
research practices and complies with the Declaration of Helsinki
regulations. Informed consent for each participant was acquired
before data collection. Participants were provided with detailed
information about the study objectives, procedures, and rights,
including the right to withdraw at any time without penalty.
The privacy and confidentiality of all participants was
safeguarded through strict data protection measures. The focus
group and interviews were audio recorded, anonymized, and
then transcribed verbatim before analysis, with encryption and
secure storage protocols implemented to prevent unauthorized
data access. Field notes made during the focus groups were
destroyed once transcripts were deidentified and finalized.

Participants were compensated for their time with a £25 (US
$31) Amazon voucher.

Data Analysis
Data relating to patient and clinician perspectives on the
facilitators and barriers of effective implementation of digital
technologies into heart disease diagnosis were included in this
analysis. Sample sociodemographic characteristics were also
collected.

We conducted an inductive thematic analysis using a
phenomenological approach, as this allowed us to be led by the
data when exploring emerging themes related to stakeholder
experiences. Our method was characteristic of a small q
approach, as we followed the postpositivist framework of
qualitative analysis to ensure the reliability of the resulting
themes related to stakeholder experiences of heart disease
diagnosis [30]. KA used NVivo (Lumivero) to conduct the first
round of analysis, following the steps recommended by Braun
and Clarke [31]. We used the 6-phase approach outlined by
Braun and Clarke [31] to identify, analyze, and report patterns
(themes) within the data. The six phases included the following:
(1) familiarization with the data through reading and rereading,
(2) generating initial codes, (3) searching for themes, (4)
reviewing themes, (5) defining and naming themes, and (6)
writing the report.

Reflexivity and Positionality
To ensure methodological rigor, we adhered to the best practices
outlined by Braun and Clarke [30], particularly focusing on
avoiding common problems in thematic analysis, such as
insufficient reflexivity or unclear connections between data and
themes. In line with this updated guidance, we paid particular
attention to how our own assumptions and positionalities might
have influenced the analysis process. This reflexive approach
was an integral part of our analysis, and we constantly
questioned how our perspectives as researchers may have shaped
the interpretation of the data.

We remained mindful of power dynamics, particularly during
the clinician interviews and patient focus groups. Our familiarity
with the clinical context and our personal experiences in
conducting qualitative research shaped the way we interacted
with participants and interpreted their responses. We also
reflected on how the context of data collection (focus group vs
individual interview) may influence the themes arising from
the data and acknowledged and discussed these throughout the
analysis process. This reflexive stance was crucial to ensure
that we did not impose our own perspectives on the data, and
we actively engaged in discussions with colleagues to challenge
potential biases and enhance the trustworthiness of our findings.

Scientific Rigor
We applied several strategies to ensure the trustworthiness of
the study, addressing the dimensions of confirmability,
dependability, credibility, and transferability.

To enhance confirmability, we maintained an audit trail
throughout the study, documenting each step of the data
collection and analysis process. This included detailed notes on
our analytical decisions and the rationale for theme development.
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We ensured dependability by using a consistent approach to
data collection, using semistructured interview guides, and by
providing clear descriptions of the process of data analysis. Any
deviations from the original plan were noted, and we made sure
that the methods were applied systematically across all
participants.

Credibility was enhanced through member checking, where we
invited participants and other experts by experience to review
and comment on the emerging findings. This process allowed
us to verify our interpretations and ensure that they accurately
represented participants’ experiences and perspectives. This
was achieved through presenting the results of the first round
of thematic analysis, which were presented to clinicians in the
form of a research poster at the British Cardiology Society
conference to increase the transferability of our results to a wider
sample. A QR code was provided next to the poster, allowing
clinicians to scan it and provide their reflections on whether we
captured their experiences or comment on what was missing.
Those unable to scan the code (eg, did not have a mobile
available on hand) provided verbal feedback to the research

poster presenter (KA). Feedback from 5 clinicians was integrated
into the later stages of analysis.

We also consulted with a Sheffield-based cardiovascular patient
advisory group again to provide further insight on the results
of our analysis. Preliminary results were presented via a series
of presentation slides summarizing the key themes that emerged.
Verbal discussions were facilitated by the lead researcher (KA),
and the meeting minutes were written up by JC.

Results

Sample Demographics
In total, 4 patient focus groups (n=23) and 9 individual clinician
interviews were performed (n=32), shown in Figure 1. This
represents 21.8% (32/147) of individuals initially contacted and
65% (32/49) of individuals who expressed initial interest in
taking part. The sample of this study is reported in Table 1. This
is the same group of participants that was used in the study by
Abdullayev et al [12]; therefore, participants’demographics are
the same.

Figure 1. A flowchart of recruitment of participants, from initial contact to analysis. RADAR-MDD: Remote Assessment of Disease and Relapse–Major
Depressive Disorder.
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Table 1. Demographic characteristics of the sample (n=32).

Clinician (n=9)LEa participants (n=23)Total sample (n=32)Characteristic

48.5 (9.1; 35-60)61.3 (11.5; 31-76)58.0 (12.2; 31-76)Age (y), mean (SD; range)

Sex, n (%)

6 (67)16 (70)22 (69)Male

3 (33)7 (30)10 (31)Female

Race and ethnicity, n (%)

2 (22)2 (9)4 (12)Asian

0 (0)0 (0)0 (0)Black

6 (67)21 (91)27 (84)White

1 (11)0 (0)1 (3)Other (Arab)

Income bracket, n (%)

0 (0)6 (26)6 (19)<£15,000 (<US $18,800)

0 (0)4 (17)4 (12)£15,000-£24,000 (US $18,800-US
$30,200)

1 (11)7 (30)8 (25)£24,000-£40,000 (US $30,200-US
$50,300)

0 (0)5 (22)5 (16)£40,000-£55,000 (US $50,300-US
$69,200)

6 (67)1 (4)7 (22)>£55,000 (>US $69,200)

2 (22)0 (0)2 (6)Not disclosed

aLE: lived experience.

Most clinicians (6/9, 67%) had been in practice for >20 years,
representing primary (4/9, 44%), secondary (4/9, 44%), and
emergency (1/9, 11%) care services. Most of the clinicians (8/9,
89%) reported feeling fairly to very confident using digital
technologies, compared to 70% (16/23) of LE participants. All
participants used at least these 3 devices: televisions, mobile
phones, and laptops. The majority (27/32, 84%) also reported
regularly using tablets or desktop computers. Table 1
summarizes the demographic and clinical characteristics of the
sample.

Analysis Results
Our analysis identified 6 themes arising from the participants’
views on digital technologies for the diagnosis of heart disease.
A review of our efforts to increase the transferability of our
findings via discussions with the Patient Advisory Board and
clinicians attending a cardiology conference confirmed the value
of considering both clinician and patient perspectives, as they

felt this was key to implementing novel technology into health
care. Insights provided by the advisory group reinforced
confidence that our data fully captured the experience of
stakeholders and resonated with their own LE.

Neither form of cross validation resulted in major changes to
the analysis; however, it supported the organization and
description of the themes and subthemes reported. While it is
not possible to remove the subjective bias of the researchers
conducting the analysis, this patient and public involvement–led
approach to thematic analysis increases the credibility of our
findings, which ultimately increases its transferability beyond
our sample.

We organized these 6 themes into 2 key categories: barriers
(defined as factors that prevent effective implementation) and
facilitators (ways to enhance engagement among stakeholders).
Textbox 1 summarizes the organization of the 6 themes that
emerged from the data.

Textbox 1. Summary of the 6 themes emerging from the results of a thematic analysis with a phenomenological approach.

Themes and subthemes

• Resource-related barriers: clinician workload, cost implications, and systemic barriers

• Technology-related barriers: complexity of technology, data security and privacy issues, safety concerns, and unreliability

• User-related barriers: negative user attitudes, worsening care experience, and individual-level variation

• Resource-related facilitators: cost-effectiveness, efficiency, and setup support

• Technology-related facilitators: accuracy and reliability, adequate safety considerations, ease of use, patients’ right to data, and personalization

• User-related facilitators: adapting to individual characteristics, positive user attitudes, and improving quality of care experience
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Theme 1: Resource-Related Barriers

Digital Technologies Can Add to Clinician Workload
Several clinicians raised considerable concerns regarding
additional workload resulting from novel digital technologies
being implemented into diagnosis. These participants
emphasized that this would be a substantial barrier to the uptake
of such health technologies given the current resource restraints
within the National Health Service (NHS). Such concerns were
not present among patient perspectives:

If it was going to make more work for me, if it was...to
create any hassle for me I’m not interested.
[Clinician8; male; aged 52 years]

Digital Technologies Come With Cost Implications
Another resource-related barrier was the potential costs of digital
technologies, both for the individual and the health care system.
Clinicians highlighted current issues related to an imbalance
between the cost versus benefits of collecting more patient
health data and using it to improve patient health outcomes:

At best [they] had only marginal health, marginal
impact but the cost of gathering the data and
retrieving the important ones proved to be enormous.
[Clinician1; male; aged 60 years]

Patient perspectives also acknowledged how resource limitations
within health care systems present challenges with implementing
novel technologies in a sustainable way, as there appears to be
a lack of connection between the development versus the
implementation of digital health solutions:

That is what happens in the NHS. They all go off, do
something, invent something and never do, they all
come together because it costs billions of pounds to
do it. [LE17; male; aged 65 years]

Digital Technologies Are Not Immune to Systemic
Barriers
Both clinicians and patients described how existing systemic
barriers would prevent effective implementation due to a lack
of access to appointments or equipment, a lack of support in
initial setup, and difficulties integrating novel technologies into
outdated NHS systems. Clinicians expressed doubt in their
ability to support patients in setting up a device to aid with
diagnosis within the limited appointment time they currently
have:

GP appointments are 10 to 15 minutes, so how long
is it going to take to explain this app, and how it
works to them, and expect them to fill it in?
[Clinician2; female; aged 38 years]

Patients also shared frustrations with how outdated technology
is within the NHS and how this inevitably acts as a barrier to
the implementation of new technologies that could be used to
improve heart disease diagnosis:

Sadly, the NHS is about 20 years behind with
technology for a whole host of reasons. [LE17; male;
aged 65 years]

Theme 2: Technology-Related Barriers

Complexity of Technology
The complexity of novel technology appears to be an important
factor in engagement, as anything with too many steps or too
many features to be learned will demotivate an individual’s
engagement and produce inaccurate or incomplete data, which
clinicians will not be able to use. Clinicians described how the
complexity of a device will determine their willingness to
engage with novel technologies:

I think how long or how easy or difficult it is to put
or use this device, set it up and have it running and
showing a patient what’s involved. [Clinician13; male;
aged 49 years]

Patients echoed these concerns, highlighting how increased
complexity results in more errors within the data and prevents
people from engaging with the device or program:

I think that the more complex it is, the more there is
room for error, for a start, of actually producing the
wrong data. And the second thing is that it may
actually discourage people from using it. [LE29;
male; aged 73 years]

Issues With Data Security and Privacy
A key concern related to technology was the way sensitive
health data would be protected. Clinicians reflected on potential
issues that would arise if patients were not assured that their
health data were being handled appropriately:

I can see some problems that include confidentiality,
you know, these are personal information so you know
we just have to make sure it’s very secure and you
don’t know who has got access to this to this
information. [Clinician7; male; aged 44 years]

This concern was also seen among patient perspectives, with
fears of large corporations having access to their health data
acting as barriers to engaging in health technologies:

I’m not too sure whether they should be making
money out of people’s illnesses or symptoms. I
suppose it’s the data protection aspect of it. [LE4;
male; aged 76 years]

Concerns With Safety
Given the risks associated with monitoring symptoms before
diagnosis, concerns related to the safety of the patient presented
as an important barrier for both clinician and patient
engagement. Clinicians emphasized the risks associated with
collecting health data to monitor symptoms due to difficulties
related to establishing safety parameters within the monitoring
devices:

I think there is a governance issue about asking
patients a question and then not processing safely the
answer, to safety net them and the challenge there is
getting the balance of safety versus being, you know,
setting the threshold for seeking extra help to them
and that’s where I think we’ve really struggled and
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never quite got it right. [Clinician8; male; aged 52
years]

Moreover, patients expressed feelings of being unsafe in the
case of emergency situations when their symptoms are being
monitored remotely and doubt that health care staff would
respond appropriately if their health was deemed at risk by the
technology:

My worry about this is quite simple that the system
would work but nobody would pick up on it, or
actually do something about it if some if there was
an emergency. [LE11; male; aged 70 years]

Unreliability of Health Technologies
In addition to safety concerns, potential unreliability of a
technology also emerged as a potential barrier to engagement.
Clinicians described situations where they would be reluctant
to depend on technology, as they do not feel confident in the
reliability of the information it relays to the health care staff:

So to say to me, somebody’s got a heart attack when
they haven’t, yeah, it’s massive. So I’m not suggesting
that AI is doing that all the time, right, left, and
centre. It’s definitely not doing that but it can do that.
[Clinician1; male; aged 60 years]

Similarly, patients shared doubts regarding how much they
would be willing to rely on technological devices due to
practical liabilities such as internet connection failure or poor
connection in particular regions, as they fear it would pose a
greater risk to their health compared to traditional approaches:

Another concern that comes to mind is how reliable
it is in terms of the you know we’re all used to the
internet going down like you lost your Internet
connection, that could affect the technology used in
this area. What happens if it all goes down, because
what’s the back up? That’s a very valid concern.
[LE19; male; aged 64 years]

Theme 3: User-Related Barriers

The Power of Negative User Attitudes
Negative attitudes toward the use of digital technology within
health care were recognized as a potential barrier to engagement
in several ways. First, distrust of technology providing reliable
and useful information was evident among clinicians,
highlighting how user attitudes might be influencing the way
novel technologies are being implemented:

The blanket belief in AI is rubbish and AI can come
up with rubbish if you are not careful. [Clinician1;
male; aged 60 years]

Meanwhile, another clinician felt that patients were more likely
to possess this deep-rooted distrust in technology, suggesting
there are still fears related to unethical health data collection,
storage, and use:

Some of these conspiracy type theories where they
think that what they’re being spied on. [Clinician12;
male; aged 59 years]

Some patients reflected that they would prefer not to have
technology involved in the diagnosis pathway. They believed
the health care system is implementing these novel systems to
save money and do not care about how this impacts patient
experiences and quality of care:

I just find it, it’s an extra barrier we’d rather not
have, but because it’s cheap, and that doesn’t feel
great to be treated in a cheap way, but that’s what
it’s come down to, I think, which is very sad. [LE28;
female; aged 50 years]

Finally, a particularly influential user attitude is related to how
useful or effective technology solutions were perceived to be.
Both patients and clinicians reflected that they would not use a
technology if they believed it was not going to benefit them or
their patient. This highlights how refusing to engage in
technology can be a rational decision made by the user, based
on their personal beliefs regarding the potential utility:

There’s no point...if you get them to record stuff and
cardiology don’t want it, and don’t look at it then
actually they’re not going to use it. [Clinician2;
female; aged 38 years]

Why a chat bot when you can ring 111, and get the
same advice from an actual living person? [LE5;
female; aged 61 years]

They Worsen Our Care Experience
Another barrier to engagement was the belief that the use of
digital technology would worsen the quality of care. The burden
of excessive interaction emerged as a potential barrier to
engagement, as patients reflected on how frustration resulted
in disengagement when patients are expected to dedicate a lot
of their time to input data and track their symptoms:

I think the interactions got to be quite, quite minimal
in a way because I think if you don’t, people will just
not use you know they will get fed up, stop doing it.
[LE29; male; aged 73 years]

Moreover, excessive interaction may also result in increased
anxiety among patients, as constantly monitoring and checking
symptoms may exacerbate their condition and worsen their
quality of life:

If I keep constantly checking that machine, then I’m
going to, and it’s a little bit raised, or whatever I’m
going to be continually worrying which doesn’t help
your blood pressure. [LE5; female; aged 61 years]

Clinicians shared this concern, expressing reluctance to
recommend a technology that could potentially cause further
harm or anxiety for their patients:

It may backfire because the patient might get the
wrong idea might get panic, might get anxious you
know it might they might think they are getting
feedback, it must be something very severe you know.
So those things can be a backfire, you know they
might get upset. They might get anxious. [Clinician7;
male; aged 44 years]
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Finally, there was a consistent message across both participant
groups that digital technologies could never truly replace
face-to-face human contact, and any attempts to do so will
ultimately worsen the quality of care across the cardiovascular
care pathway:

I don’t think you know a human face and a human
voice will ever beat, you know will be beaten in the
future. So I think you know we’ve got a struggle to
do that, anyway. [LE8; male; aged 61 years]

During COVID we found this because we thought,
can we make use of some of these things? But what
a lot of the patients said was missing actually
was...more direct contact. [Clinician6; female; aged
49 years]

There Is Too Much Individual-Level Variation
There was consistent acknowledgment of the challenges related
to individual-level variation and how this would inevitably
impact engagement with any digital health technology. It is
clear that both patients and clinicians can have very different
experiences, beliefs, and familiarity with digital technologies,
and it is difficult to implement technologies that suit the needs
of every potential user, especially given the variation across
heart diseases.

One patient reflected on how their heart disease requires very
different care compared to others, highlighting the challenges
of implementing effective digital technology within different
heart disease diagnosis pathways:

I’m not particularly into wearable devices, because
I think that they’re probably far more useful for
people who’ve got electrical problems with their
heart, whereas mine is a plumbing issue, always has
been. [LE10; male; aged 65 years]

Clinicians also described how the nature of individual
differences in preferences can act as a barrier to engagement,
as it is not possible to suit everyone’s needs, especially when
it comes to different demographic factors and previous
experiences:

Some patients are going to be up for it, and they
would love to have something on their phone and they
like, you know, there are patients who really like to
record data, and they will love it. They will get their
phone, and they’ll get an app, and it will be fine.
There are some who would be fairly resistant to it.
[Clinician2; female; aged 38 years]

Furthermore, clinicians expressed concerns regarding the
accessibility of potential technologies, as any technology is
heavily dependent on patients’ understanding of the device or
program, which often varies but can be difficult to predict on a
larger scale:

So you have an app that can help to monitor the
condition but the patient couldn’t use it couldn’t put
in the data, then there’s no point using those apps
isn’t it? [Clinician7; male; aged 44 years]

Theme 4: Resource-Related Facilitators

It Needs to Be Cost-Effective
Clinicians considered evidence for the cost-effectiveness of a
novel technology to be a facilitator of effective implementation;
however, this was also dependent on adequate resources to
support implementation from the relevant health care service
or trust. This highlights the importance of considering financial
implications from the costs to the individual to the costs to the
health care system:

If it was going to be cost-effective you know, I don’t
have any way of bringing in new technology the way
my practice works currently, you know...but it needs
to be some way of bringing staff in to help me do
things like that. [Clinician13; male; aged 49 years]

It Needs to Be Efficient
A key driver for engagement for both patients and clinicians
related to the additional efficiency that health technologies could
provide during the diagnosis process, as this could address
current issues that are contributing to inaccurate or delayed heart
disease diagnoses:

If it took the place of a 24-hour blood pressure
monitoring or 24-hour ECG or what’s your average
pulse over this time, then actually, that’s quite useful,
because it’s kind of doing, taking away some of the
work or putting the workload elsewhere. It’s doing
the work that’s already being done. [Clinician2;
female; aged 38 years]

Patients also shared how increasing efficiency would improve
the quality of their health care experience and therefore act as
an important facilitator of their engagement with novel
technologies:

The automation of the whole process is, would be a
blessing for me. [LE10; male; aged 65 years]

I suppose it could be, if it’s all digital data coming
into one source that could be much more efficient.
[LE28; female; aged 50 years]

It Would Help to Have Setup Support
There was a shared sentiment between both patients and
clinicians regarding the importance of having adequate setup
support at the initial point of implementation of any digital
technology. In particular, clinicians highlighted that as it is not
feasible for them to provide this support due to current resource
limitations, they would be comforted by the knowledge that
there is an external body responsible for supporting patients to
set up the technology, as well as providing adequate support in
case of technological issues at any stage:

If there was like a support line, they could ring
instead, then, you know, we could just direct, you
know, and say, actually, that’s fine, or you will be
contacted by the you know, this company will help
you go through the app, then that’s fine, I suppose.
[Clinician2; female; aged 38 years]

Patients also reflected that adequate provision is needed to make
people feel confident in engaging in any health technology
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related to their heart condition, with suggestions that language
used in the setup support is crucial in increasing engagement
among users:

I think you need somebody that’s gonna help you. You
need very plain un-jargonistic instructions so that we
can follow it [LE18; female; aged 66 years]

Theme 5: Technology-Related Facilitators

Is it Going to Be Accurate and Reliable?
Unsurprisingly, accuracy and reliability of technology were
consistently brought up as important facilitators of engagement,
as this elicits confidence in both clinicians and patients that they
can use the technology to improve the quality of their experience
or the accuracy of the diagnosis. Clinicians often expressed
accuracy as the first thing they would consider when deciding
whether to engage with a novel technology:

It should be accurate, I guess, accuracy is most
important...good accuracy that would be ideal isn’t
it? So most of the data can be interpreted by a
machine [Clinician7; male; aged 44 years]

This was consistently echoed by patients, who felt accuracy
was the foundation of a good digital health solution and would
only agree to use something they were confident would produce
accurate data that could be used within their health care
pathway:

It would need to be very accurate. [LE22; female;
aged 68 years]

It’s really hard to sort of summarize if you’re having
seen a clinician...you need to summarize quite a few
weeks worth of data...[technology] is far more
accurate trying to get a snapshot from a from any
from a patient about their overall health, and
especially their mental health. [LE28; female; aged
50 years]

Safety Has Been Adequately Considered
As mentioned previously, safety was a key area of discussion
given the potential risks of monitoring symptoms before
receiving a diagnosis. In fact, clinicians provided specific
requirements for the way that data should be dealt with and
thresholds that would need to be in place for them to feel
confident in implementing novel technologies to aid in the
diagnosis of heart diseases:

If it was kind of then inputting symptoms, it would
have to have very strict criteria as to how it dealt with
that. Yeah, I think, is the problem if it was just a
manual thing that flashed up every time they entered,
I have chest pain, you’re going to have to be very
careful what it said or did. [Clinician2; female; aged
38 years]

Moreover, patients also shared their perspective on how data
should be shared safely among the device, the patient, and the
clinician, highlighting the nuance in the communication of risk
and potentially concerning health data collected by a digital
device:

Anything which goes above a certain level of
importance, it should go to the doctors or medics or
emergency services as required, but it has to be quite,
shall we say a severe level to actually get to the giving
out that warning. [LE11; male; aged 70 years]

Is it Easy for me to Use?
The consensus was that for any technology to be effectively
implemented into clinical practice, it needs to be as simple as
possible, as this produces the greatest level of widespread
engagement and fewer complications for clinicians who need
to use the data output:

Something that’s easy to use...convenient to use, you
know, for everybody, for the patient and us. Because
then I know that they’re more likely to use it.
[Clinician6; female; aged 49 years]

Patients also emphasized the importance of simplicity in novel
technologies as well as making it easy to integrate them into
current health care systems to ensure sustained engagement:

The key to get people to use anything is to make it
easy. So, if we go down this route, which I think is
great, we should piggy backing in on existing
technologies...that can be used by every part of the
NHS. [LE17; male; aged 65 years]

Patients Have a Right to Their Data
There was considerable discussion surrounding who should
have access to health data collected by digital devices aiding in
the diagnosis pathway; however, general attitudes of participants
suggested that patients have a right to their own data, regardless
of what they are being monitored for, as this encourages trust
between the patient and the clinician:

I mean yeah it should be sent to patients and I think
lots of, because that’s the patient’s information at the
end of the day, and I guess a lot about health care is
being open and transparent and actually you
shouldn’t be sending data out about a patient to the
doctor and the patient not having that information.
[Clinician2; female; aged 38 years]

Interestingly, patients mainly expressed wanting clinicians to
have access to their data, suggesting they did not feel confident
in how to handle receiving their own health data without the
support of a health care professional. This echoes previous
concerns regarding safety and highlights the importance of
making patients feel supported while depending on technology
to collect and interpret their health data:

I would think the GP would be the first person to
receive information and followed by myself and any
associated to the medical profession, professional
and in terms of when you refer to someone, a
specialist, for example, if they’re already involved.
So that’s the order that I would like to see it in.
[LE19; male; aged 64 years]

Personalization Is Key
When considering the development of health technologies,
personalization was a key element mentioned as a facilitator of
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effective implementation. The clinicians’ shared perspective
highlighted the importance of making people feel that the
technology was tailored toward them, instead of expecting
people to tailor themselves to the technology. There was also
a sense that past experiences had led to high expectations of
technology, placing greater pressure on developers to design
health technologies that align with public perceptions:

But yeah, generally speaking, people like stuff that
they feel isn’t just generic and sent out to everyone.
[Clinician2; female; aged 38 years]

Meanwhile, patients also emphasized the importance of
receiving personalized and relevant data instead of generic
feedback as a way of keeping people engaged. Patient
perspectives also highlighted interest in examining trends and
patterns within their health data, suggesting technologies should
be designed based on the assumption that some patients may
want to engage with their data beyond their clinical
consultations:

What you’d want to do is to be able to interrogate the
database that maybe there’s some graphs and trends
to see. You know how your reading is compared to
average. [LE10; male; aged 65 years]

Theme 6: User-Related Facilitators

Adapting to Individual Characteristics
Despite acknowledging how difficult it can be to develop health
technologies tailored to individual differences, both patients
and clinicians provided useful insights into how this could be
done effectively to improve engagement. Clinicians emphasized
the importance of asking patients how they wanted to interact
with a digital technology as part of their diagnosis journey, as
well as capturing clear expectations regarding their
understanding and capabilities in relation to the technology as
early as possible:

One way of addressing it is to ask the patient how
much they would expect to interact. You know. That’s
one way to it, you know to ask the patient. [Clinician7;
male; aged 44 years]

I think the patients understanding the technology and
being able to use it and to use it appropriately.
[Clinician9; male; aged 35 years]

Meanwhile, patients reflected on the importance of considering
the target demographic when designing any health technology,
as well as increased difficulties resulting from comorbidities:

But let’s make it one device. So I don’t have to have
all the other devices. Otherwise they’re going to be
competing for my attention...I’m getting older and
the target audience for this, most people who are ill
are older, with multiple conditions. [LE17; male; aged
65 years]

Overall, there was a clear message among participants that
considering individual differences between patients is key to
effective implementation and sustained engagement with novel
health technologies aiming to improve heart disease diagnosis:

It also has to be, shall we say selective in what a
single person or what the user requires it to do...so
it has to be targeted individually to each individual
person [LE11; male; aged 70 years]

The Role of Positive User Attitudes
It seemed that individual attitudes toward technology more
generally, as well as its use in health care, played an influential
role in willingness to engage with novel health technologies.
Both patients and clinicians expressed a very positive outlook
on the value of incorporating technologies into heart disease
diagnosis, which translated as a greater willingness to engage:

I think, to be honest, the NHS, we need to go more
and more towards these apps [Clinician2; female;
aged 38 years]

A crucial facilitator was also a perception that the technology
would in fact be useful for them, whether this was based on
evidence to show it would improve an aspect of their care or if
they judged it as being a helpful addition based on past
experiences:

It needs to be proved. It needs to be shown to some
degree that it’s definitely, it’s making, improving the
outcome before I use it. [Clinician7; male; aged 44
years]

Yeah, I think that’d be good to have like a chat bot,
where if you’ve got any questions or anything like
that, you can just click and get them answered rather
than having to try and wait and get in to see the
doctor or a consultant. [LE20; female; aged 54 years]

However, there was still a recurring sentiment that complete
dependence on technology is not feasible, with patients
emphasizing the importance of human oversight even if data
are being collected remotely. This highlights a key aspect of
digitalized health care that is important to stakeholders and
should be considered thoroughly during implementation to
increase engagement and create a sense of safety among
participants:

I think what should happen is that the medical
profession should be getting the feedback and react
accordingly to that. [LE29; male; aged 73 years]

It Improves the Quality of Patient Care
Unsurprisingly, when stakeholders felt that they would
experience direct benefits to the quality of their or their patients’
care, they felt more motivated to engage with novel
technologies. There were specific benefits that were mentioned
by participants, with some degree of variation between patients
and clinicians. Patients reflected on past experiences with health
technologies, which made their lives easier because it made
handling health data more convenient:

Any digital technology is advantageous both to the
user and supplier. And I’ll cite the Covid app, instead
of carrying sheets and sheets of paper about with you
if you go on holiday, on your Covid app, it tells you
when you had it, where you had it, what it was that
you got. [LE1; male; aged 72 years]
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Meanwhile, clinicians emphasized how having better access to
their patients’ health data made their jobs easier and allowed
for better quality of care that was adapted to both clinician and
patient needs:

I can access patients’ information easier you know I
don’t have to be in the on the ward. It’s just physically
looking on the note, so it’s a lot of, improves the
flexibility. [Clinician7; male; aged 44 years]

An improved access to health data also reduced anxiety in
patients, as they expressed a feeling of relief for themselves and
their families because of feeling more informed about their
condition or their symptoms:

It just gives you peace of mind. And obviously with
your family members. They put the knowledge around
them as well...So that’s it’s a no brainer really. It’s
got to help. [LE8; male; aged 61 years]

There was also evidence for a strong desire to be more involved
in their own care pathway, as they felt this would improve their

health care experiences and result in more transparency between
the patient and the health care provider:

I would certainly welcome having more access to my
medical records, because obviously, whenever I go
and see a GP, I’m just amazed about how much data
they’ve got about me, but I can’t see it. I wish I could.
[LE10; male; aged 65 years]

Figure 2 presents the themes and subthemes described earlier
in a sunburst diagram to illustrate the relative size of each
subtheme within each of the 6 themes. This figure reveals that
user-related barriers and facilitators (themes 3 and 6) emerged
as the biggest themes, while resource-related barriers and
facilitators (themes 1 and 4) were the smallest themes overall.
Thus, these findings provide crucial insight to inform the
development of novel health care technologies, particularly for
the sake of making appropriate decisions to ensure user needs
are met.

Figure 2. Sunburst visual of themes by size based on items coded, separated by themes, representing the barriers and facilitators of engagement with
digital technologies for heart disease diagnosis.

Recommendations
On the basis of the emerging themes presented earlier, we have
developed recommendations that should be considered when
developing digital technologies to assist in the diagnosis of
cardiovascular diseases. These recommendations are divided

into technology-specific considerations (related to how the
technologies function or are used) and system-level
considerations (how the broader health care system should adapt
to successfully implement such technologies). Multimedia
Appendix 4 summarizes these recommendations based on each
theme that came from the data, collected from participants with
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an interest in participating in digital technology research and
clarified with support from the Patient Advisory Board.

Discussion

Principal Findings
This study has revealed the variety of barriers and facilitators
influencing the effective implementation of digital technologies
into the heart disease diagnosis pathway, as seen from the
perspective of stakeholders with an interest in digital technology
research. Both barriers and facilitators were organized into
resource-, technology-, and user-related themes, with several
subthemes within each of the 6 major themes.

Resource-related barriers and facilitators related to clinician
workload, system-level influences, cost implications, efficiency,
and support infrastructure. These findings are consistent with
previous studies that have found increased clinician workload
and a lack of integration into clinical workflow to be common
barriers to the uptake of digital health technologies into
cardiovascular care, while improved efficiency, institutional
approval, and organizational support are all common facilitators
[24,32]. Furthermore, technology-related barriers and facilitators
included themes related to reliability, accuracy, safety
parameters, data security, ease of use, and personalization. These
perspectives were consistent with a recent qualitative review of
wearable technology adoption for cardiac monitoring, which
found 4 interrelated themes, including trust, safety and
confidence, functionality and affordability, and risks and
assurance [14]. Furthermore, concerns related to accessibility
and usability of technology also emerged in a systematic review
and content analysis of barriers and facilitators for health
management across several physical and mental health
conditions [33], highlighting the overlap in technology-related
barriers among different stages of the care pathway. Overall,
our findings emphasized key areas of technology development
that could be adapted to improve the implementation of digital
health technologies into the cardiovascular diagnosis pathway.

Finally, the most prominent themes were the user-related barriers
and facilitators, which encompassed user attitudes,
individual-level variations, and impact on quality of health care
experiences. This theme captured a wide variety of perspectives
among the sample and echoed findings from existing literature,
which revealed how patient and clinician attitudes and personal
experiences substantially impact engagement with digital health
technologies across the cardiovascular care pathway, ranging
from cardiac rehabilitation to remote care and self-management
in heart failure [15,16,19,23]. These results also appear to be
consistent across different clinical conditions, with a recent
systematic review investigating barriers and facilitators to using
digital health technologies finding that perceptions of usefulness
and willingness to use novel technologies were important
facilitators to enhance the uptake of digital health technologies
by health care professionals across different clinical specialties
[33]. Thus, the results of our study highlight the impact of
user-related factors on the effective implementation of novel
digital health technologies and therefore reveal a key area for
future technology development to focus on to improve
engagement levels during the diagnosis pathway.

Another key objective of this study was to understand potential
differences between patient and clinician perspectives in relation
to the barriers and facilitators mentioned earlier. Overall, the
results of our study suggest that generally patients and clinicians
share similar views on factors that may be preventing effective
implementation of novel digital technologies into health care,
as well as areas to focus on to facilitate better implementation.
However, there were a few exceptions throughout the
subthemes, with resource-related barriers (such as clinician
workload and high costs) and technology-related safety concerns
being discussed more by clinicians. Meanwhile, user-related
barriers, such as negative attitudes toward technology and
perceptions that quality of care would be reduced by novel
technologies, were only presented as barriers by LE participants.
These differences are consistent with the wider literature
investigating factors influencing uptake of digital health
technologies, as concerns related to resource restraints and
evidence-based care also emerged as barriers in a sample of
clinicians working with chronic obstructive pulmonary disease
[34,35]. Moreover, while facilitators were mostly similar
between both participant groups, the only exceptions were
resource-related cost benefits and technology-related accuracy
and reliability, which were facilitators emphasized by clinicians.

It is not surprising that clinicians presented more resource- and
technology-related perspectives given they are more likely to
be exposed to these aspects of novel technologies compared to
patients [36]. It is also expected that patient perspectives would
focus more on user experience and impact on quality of care,
as they are able to draw on personal LE of how digital
technologies used in their own care impacted their experiences.
This distinction is consistent with the review by Whitelaw et al
[24], which found that increased workload and a lack of
integration with electronic medical records were identified as
clinician-level barriers, while organizational support and
improving efficiency were important facilitators according to
clinician perspectives. A scoping review [32] focusing on
hypertension management also found that concerns with
integration of technologies into existing clinical workflow only
emerged among health care professionals, while interference
with patient- health care provider relationships was primarily
a patient concern. Ultimately, our data highlight how different
user groups may vary in which barriers are more influential in
preventing them from engaging with health technologies within
the heart disease diagnosis pathway. Therefore, the findings of
this study provide useful insights into how implementation
processes can be tailored to target these specific barriers, as
well as consider facilitators, to increase uptake of novel health
technologies within the heart disease diagnosis pathway.

The recommendations based on our qualitative findings for
implementing health care technologies focused on addressing
resource, technology, and user-related factors. Key strategies
include integrating intuitive interfaces with existing IT systems,
providing comprehensive training and support, and ensuring
cost-effective models. Addressing technology-related barriers
involves designing user-friendly, secure, and reliable systems
with rigorous clinical trials and active monitoring for issues.
Simplifying complexity and ensuring transparent data use are
also essential. Facilitators for successful implementation include
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demonstrating cost-effectiveness, improving efficiency, and
offering extensive setup support for patients and clinicians.
Ensuring accuracy and reliability through rigorous validation
and regulatory frameworks, alongside enabling patient access
to their data, is vital. Emphasizing personalization and adapting
to individual user characteristics will further enhance user
acceptance and improve the overall care experience. These
considerations echo existing calls to address key issues
associated with implementing technologies into clinical care,
such as ensuring patients can trust the systems managing their
data and clinicians are not overwhelmed by the large volume
of data that are generated by wearable digital health technologies
[37]. However, while these general recommendations provide
a foundation, they may lack specificity when applied to certain
contexts. For example, the type of heart diseases targeted by a
digital diagnostic tool will influence not only its design but also
its adoption and integration into existing care pathways.
Similarly, the demographic and clinical characteristics of
patients using the device, such as age, literacy, and
comorbidities, may present unique challenges that require
tailored solutions [38]. Finally, while the focus on
cost-effectiveness and efficiency is commendable, these factors
must be balanced against equity considerations. For example,
ensuring access to these technologies for underserved
populations or regions with limited resources is critical to avoid
widening existing health care disparities. Therefore, a nuanced
approach that considers these broader contextual, systemic, and
equity-focused challenges is essential for the successful
implementation of health care technologies [39].

Strengths and Limitations
A key strength of this study was the use of a qualitative study
design to capture both patient and clinician experiences. This
depth of insight would not have been possible to achieve using
quantitative methods. The use of a decentralized recruitment
strategy for both participant groups also meant our sample
included people from across the country and captured a range
of health care and technology experiences. Moreover, patient
and public involvement was intentionally incorporated into each
stage of the study, from the creation of study materials to the
review of preliminary thematic analysis results. This increases
confidence that the study’s design effectively created a
comfortable environment for participants to share their
experiences and ensured their data were interpreted accurately.
While it is not possible to remove subjective bias from the lead
researcher’s interpretation and analysis of the qualitative data,
the involvement of patient panels and LE advisers throughout
the study can provide reassurance that the results are translatable
beyond our sample.

However, there are several limitations that also need to be
acknowledged. The web-based nature of our recruitment method
may have resulted in a biased sample of individuals who were
more confident using technology, meaning their experiences
are unlikely to capture the challenges faced by patients and
clinicians who have less experience with technologies.
Moreover, we were not successful in recruiting difficult to reach
groups, such as ethnic minority groups with different cultural
experiences across the United Kingdom, despite efforts to use
the research team’s personal connections to include participants

from underserved communities. This would have been extremely
valuable to aid in our understanding of challenges related to
accessibility and implementation of novel health technologies,
so we suggest future research studies attempt to build on our
findings and explore perspectives on barriers and facilitators in
populations that are more resistant, or less experienced, in using
digital health technologies. Our exclusion of people who were
not fluent in English means our results exclude perspectives
from people who may face different challenges and benefits
from interacting with technology. An additional consideration
is the differing forms of data collection. We made the pragmatic
decision to run focus groups with LE participants and individual
interviews with clinicians, due to the difficulties in getting
multiple clinicians to be free at the same time for a focus group.
This difference in data collection methods may have influenced
results. Focus groups can result in more dynamic exchanges
and can help foster a shared understanding of a phenomenon,
resulting in different information shared than would be in an
individual scenario. In contrast, interviews can allow for deeper,
more personal insights to be shared [40]. While there is some
precedent for the combination of qualitative methods, with
researchers suggesting that it can be a useful method of
triangulation to enhance depth and breadth of insights [41],
there is ongoing debate about how different data collection
methods can be most meaningfully combined in analysis. While
we attempted to address this with our reflective approach to
analysis, it is possible that our results and key findings may
have differed if the same qualitative methods had been used to
collect data from both LE and clinician participants.

Although the questions asked in focus groups and interviews
were designed to be as vague and nonleading as possible, it
should be acknowledged that this study was conducted as a part
of a wider project aiming to develop a novel digital twin
technology to improve holistic heart disease diagnosis. This
meant the topic guides for both focus groups and interviews
were focused on a specific technology being designed for a
specific purpose; thus, it is possible that this may have excluded
experiences and perspectives on other potential technologies
that could be used within the heart disease diagnosis pathway.

Finally, we did not specifically recruit participants with direct
experience of using digital technologies for health management.
This intentional choice aimed to broaden the applicability of
our findings; however, it may have impacted the nature of
participants’ responses, introducing a degree of hypothetical
reasoning. However, even without direct experience of using
these technologies or implementing them in health care services,
all participants brought valuable insights based on their LEs
with health care services, use of technologies in daily lives, and
existing challenges in the system. Analytically, we handled this
challenge by carefully interpreting the data within the scope of
participants’ experiences and triangulating results across
multiple participants and sources to ensure that conclusions
were not drawn from speculative responses.

Conclusions
Digital technologies are a growing area, and our results provide
insight into the key design and implementation characteristics
needed to be accepted by patients and clinicians into routine
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clinical care. This qualitative study has revealed the multifaceted
barriers and facilitators influencing the implementation of digital
technologies in the heart disease diagnosis pathway. The
findings demonstrate that resource-, technology-, and
user-related factors play critical roles in adoption, with
user-related aspects emerging as particularly important. While
patients and clinicians generally share similar perspectives on
implementation challenges and opportunities, notable differences
exist in their prioritization of specific barriers and facilitators.
These insights emphasize the importance of tailored

implementation strategies that address the unique concerns of
both user groups. To increase the acceptability of novel health
technologies in heart disease diagnosis, future developments
should prioritize creating user-friendly, secure, and reliable
systems that can be integrated into existing clinical
infrastructure, as well as allowing for personalization and
adaptability to individual user needs. Addressing these factors
is key to fostering confidence in and uptake of digital diagnostic
tools in cardiovascular care.
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Abstract

Background: Stroke is a major cause of death and disability worldwide. Identifying individuals who would benefit most from
preventative interventions, such as antiplatelet therapy, is critical for personalized stroke prevention. However, traditional methods
for estimating treatment effects often focus on the average effect across a population and do not account for individual variations
in risk and treatment response.

Objective: This study aimed to estimate the individualized treatment effects (ITEs) for stroke prevention using a novel combination
of Dragonnet, a causal neural network, and conformal inference. The study also aimed to determine and validate the causal effects
of known stroke risk factors—hypertension (HT), diabetes mellitus (DM), dyslipidemia (DLP), and atrial fibrillation (AF)—using
both a conventional causal model and machine learning models.

Methods: A retrospective cohort study was conducted using data from 275,247 high-risk patients treated at Ramathibodi
Hospital, Thailand, between 2010 and 2020. Patients aged >18 years with HT, DM, DLP, or AF were eligible. The main outcome
was ischemic or hemorrhagic stroke, identified using International Classification of Diseases, 10th Revision (ICD-10) codes.
Causal effects of the risk factors were estimated using a range of methods, including: (1) propensity score–based methods, such
as stratified propensity scores, inverse probability weighting, and doubly robust estimation; (2) structural causal models; (3)
double machine learning; and (4) Dragonnet, a causal neural network, which was used together with weighted split-conformal
quantile regression to estimate ITEs.

Results: AF, HT, and DM were identified as significant stroke risk factors. Average causal risk effect estimates for these risk
factors ranged from 0.075 to 0.097 for AF, 0.017 to 0.025 for HT, and 0.006 to 0.010 for DM, depending on the method used.
Dragonnet yielded causal risk ratios of 4.56 for AF, 2.44 for HT, and 1.41 for DM, which is comparable to other causal models
and the standard epidemiological case-control study. Mean ITE analysis indicated that several patients with DM or DM with HT,
who were not receiving antiplatelet treatment at the time of data collection, showed reductions in total risk of −0.015 and −0.016,
respectively.

Conclusions: This study provides a comprehensive evaluation of stroke risk factors and demonstrates the feasibility of using
Dragonnet and conformal inference to estimate ITEs of antiplatelet therapy for stroke prevention. The mean ITE analysis suggested
that those with DM or DM with HT, who were not receiving antiplatelet treatment at the time of data collection, could potentially
benefit from this therapy. The findings highlight the potential of these advanced techniques to inform personalized treatment
strategies for stroke, enabling clinicians to identify individuals who are most likely to benefit from specific interventions.

(JMIR Cardio 2025;9:e50627)   doi:10.2196/50627

KEYWORDS

stroke; causal effect; ITE; individual treatment effect; Dragonnet; conformal inference; mortality; hospital records; hypertension;
risk factor; diabetes; dyslipidemia; atrial fibrillation; machine learning; treatment

JMIR Cardio 2025 | vol. 9 | e50627 | p.505https://cardio.jmir.org/2025/1/e50627
(page number not for citation purposes)

Lolak et alJMIR CARDIO

XSL•FO
RenderX

http://dx.doi.org/10.2196/50627
http://www.w3.org/Style/XSL
http://www.renderx.com/


Introduction

Stroke is a leading cause of death and disability, presenting both
personal and economic burdens [1]. Astonishingly, many
epidemiological studies have identified important risk factors
of stroke occurrence, especially through the use of cohort studies
[2], and randomized controlled trials (RCTs) have identified
the impact of treating these risk factors. While RCTs control
for confounding factors through study design, cohort studies
attempt to address these factors using statistical methods.
However, the possibility of residual confounding remains,
highlighting the need for improved analysis approaches [3].

Frameworks of causal effect have largely been confined to
Pearl’s [4] structural causal models (SCMs) and Rubin’s [5]
potential outcome models (POMs) [6]. SCMs evaluate causal
relationships between variables using a directed acyclic graph
defined by a set of structural equations, which consider the
influence of each variable by its parents, or causes, along with
its probability distribution. In addition, SCMs can also assess
the effect of interventions by estimating how changing one unit
of treatment (or risk) leads to a change in outcome [7].
Conversely, POMs focus on the concept of counterfactuals,
specifically what would have happened if an individual had
been exposed to a different treatment or risk [8]. Consequently,
this approach estimates 2 potential outcomes (POs) for each
individual: if the individual had received the treatment and if
they had not. Subsequently, Rosenbaum and Rubin [9]
developed propensity scores to reflect the probability of an
individual being assigned to a certain treatment group.
Therefore, these estimates are only considered valid if the 2
specific conditions—strong ignorability and positivity—are
met. Statistical methods have been developed based on POMs
and propensity scores, including matching [10], stratified
propensity score (SPS) [11], inverse probability weighting (IPW)
[12,13], and doubly robust estimation (DRE) [14-16]. Recently,
nonconventional statistical models such as double machine
learning (DML), meta-learners, and neural networks have also
been developed to estimate unbiased causal effects without
requiring strong underlying assumptions [14]. Causal neural
networks (NNs), including TARNet and Dragonnet, learn by
sharing input data to estimate both factual and counterfactual
outcomes. This approach is currently an active area of research
[17-19]. Dragonnet also uses “learned data” to predict propensity
scores by tradeoff with prediction quality, which yields better
average treatment effect (ATE) estimates [18].

Current causal modeling has shifted its focus from the ATE,
which measures the treatment effect averaged across the entire
study population, to the conditional average treatment effect
(CATE), which assesses the ATE conditional on particular
variables, such as sex, age, and other covariates. More recently,
the focus has further evolved to the individualized treatment
effect (ITE), which estimates the treatment effect for a particular
individual. CATE has inherent variability depending on which
covariate the model is conditioned on [20]. However, estimating
ITEs is challenging because it requires making assumptions
about the underlying individual data-generating process and the
model used to estimate the ITEs [17]. A statistical technique
called conformal inference may appropriately estimate the

confidence intervals of ITEs by accounting for the uncertainty
in their estimation. Despite being a novel technique, it has shown
promise [20]. Conformal inference uses nonconformity scores
that measure the degree of disagreement between the estimated
and observed outcomes, to provide a confidence interval or a
precision of estimation [21-23]. Therefore, we conducted this
study to estimate the CATE of stroke occurrence based on
real-world clinical data using Dragonnet NN models.
Additionally, ITE was estimated to identify individuals at high
risk of stroke who may benefit from lowering risk factors by
combining the strengths of Dragonnet and conformal inference
approaches. To the best of our knowledge, no prior studies have
employed these methods in combination to estimate causal
effects in a clinical setting.

Methods

Overview
The study population included a retrospective cohort of patients
who were at high risk for stroke and had been treated and
followed up at Ramathibodi Hospital, Thailand, between 2010
and 2020. Hospital records and the International Classification
of Diseases, 10th Revision (ICD-10) classification system were
used to identify patients. Patients were eligible if they were
aged >18 years and had one or more of the following conditions:
hypertension (HT; ICD-10 code I10-I16), diabetes mellitus
(DM; ICD-10 code E08-E13), dyslipidemia (DLP; ICD-10 code
E78), and atrial fibrillation (AF; ICD-10 code I48). Patients
were excluded if they had a stroke on their first visit or only
had one visit during the study period. The main outcome
measured in the study was the occurrence of ischemic or
hemorrhagic stroke, which was identified using the ICD-10
codes I63 and I61, respectively.

Patients were followed up from their index date (i.e., the date
they were identified as high-risk patients) until they progressed
to stroke, were lost to follow-up, or were stroke-free at the end
of the study (December 31, 2020). Patients who were lost to
follow-up or stroke-free at the end of the study period were
censored on their last visit date or at the end of the study. A
causal diagram was constructed (Figure 1), and potential
predictors of stroke were collected, including age, sex, BMI,
chronic kidney disease (CKD), AF, HT, DM, and DLP. HT,
AF, and DM were considered as mediators, whereas the
remaining variables were covariates in the models. A software
library called DoWhy, now incorporated into PyWhy (Python
Software Foundation), was used to construct models for
stratification, IPW, DRE, and DML [24]. Parameters of all
estimators were set by default in the DoWhy package. The
number of strata in the stratification method was automatically
determined [25]. The weighting scheme in IPW was set to
default inverse propensity score. For DRE, the regression and
propensity models were specified as lasso and logistic
regression, respectively. For DML, linear and nonlinear
cross-fitted models were applied to the outcome model (lasso
and Extreme Gradient Boosting [XGBoost]), propensity model
(logistic regression and XGBoost), and final model (linear
regression and lasso). Estimands of each risk pathway were
defined by PyWhy from the input causal graph. Graphical causal
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model–based inferences from the DoWhy library were used for
medication analysis to quantify the causal effects of direct and
indirect pathways, termed natural direct effect (NDE) and natural
indirect effect (NIE), respectively [4,26]. NDE
(Y1,M(0)x−Y0,M(0)x) refers to the change in the outcome of
an individual when they are exposed to a specific treatment Y1,
compared to another treatment Y0, while keeping the mediator

variable constant at the baseline value or reference treatment
M(0). In contrast, NIE (Y1,M(1)x-Y1,M(0)x) refers to the
difference between the counterfactual outcome value when
treatment Y1 is fixed and the mediator assumes a certain value
at a particular treatment M(1) and the counterfactual outcome
value when the mediator assumes the same value at the baseline
M(0) [27].

Figure 1. Causal diagram of patients at risk of stroke occurrence. AF: atrial fibrillation; CKD: chronic kidney disease; DLP: dyslipidemia; DM: diabetes
mellitus; HT: hypertension.

The Dragonnet NN was used to estimate PO and propensity
scores. The architecture of Dragonnet was based on previous
work (Figure 2) [18]. It employs a deep net to create a
representation layer  (X) ∈   , which is used to forecast outcomes
for both the treatment Ŷ(1) and control groups Ŷ(0). It utilizes
2 hidden layers for each outcome model while a basic fully
connected layer with a sigmoid function is used for the

propensity score (  ). CATE was estimated by subtracting
treatment (risk) and control PO for each risk factor
(Y1x−Y0x∣Z) and risk ratios were estimated by division of
PO (Y1xY0x|Z); Y₁ is the PO for the risk group, Y  is the PO
for the control group, x is an interested factor, and Z are other
covariates.
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Figure 2. Dragonnet architecture. X is the covariates,  (X) is a learned representation of X. Ŷ(1) is the predicted outcome of the treatment (risked) group.
Ŷ(0) is the predicted outcome of the control group. ε is the estimated propensity score. CÂTE is the conditional average treatment effect computed by
Ŷ(1)–Ŷ(0).

To accurately estimate the ITE, it is mandatory for the
conditional independence assumption to hold, especially
considering the unequal distribution of covariates between
factual and counterfactual outcomes of the treatment and control
groups, commonly known as covariate shift. To address this
challenge, we employed a nested method of weighted
split-conformal quantile regression (CQR) to estimate the ITE
[20,23] by incorporating antiplatelet medications as a treatment
for stroke prevention. POs were estimated using quantile loss
setting α at .05. The dataset was split evenly into training and
evaluation sets; Multimedia Appendix 1 shows the entire
algorithm. All risk factors and covariates were similar between
models, considering antiplatelet medication as a treatment and
stratified by risk factor (Yantiplatelets=1x-Yantiplatelets=0x|Z),
with x representing the risk factors of interest (i.e., HT, DM,
and DLP) and Z representing other covariates. AF was not
included as a stratum for the estimation of ITE in this example
since it is not an indication for the prescription of antiplatelet
therapy, but it remained a covariate.

Ethical Considerations
The data were anonymized to ensure confidentiality and privacy
protection. This study was approved by the Human Research
Ethics Committee, Faculty of Medicine Ramathibodi Hospital,
Mahidol University (COA. MURA2021/255). The committee
waived the need to obtain consent for the collection, analysis,
and publication of the retrospectively obtained and anonymized
data for this noninterventional study.

Results

A total of 275,247 high-risk patients were included in the cohort.
Among them, 9659 patients developed stroke, resulting in an
incidence of 3.5% (95% CI 3.4-3.6). The follow-up rate for the
study population was 80% (7752/9659).

Baseline demographic and risk factors were compared between
9659 stroke patients and 265,588 nonstroke patients (Multimedia
Appendix 2). Stroke patients had a mean age of 64.7 years and
were more likely to be male. Stratification by risk indicated that
13% of AF patients, 4% of HT patients, 4% of DM patients,
and 4% of DLP patients experienced stroke in contrast to only
2% of non-AF patients, 1% of non-HT patients, 3% of non-DM
patients, and 3% of non-DLP patients, who developed stroke.

Causal effects of mediators including HT, DM, CKD, and AF
on stroke were estimated based on the causal diagram in Figure
1. The estimands report as probability of stroke given the risk
factors, P(Stroke | risk factors), are as follows: P(Stroke | HT,
age, DM, DLP) for HT; P(Stroke | AF, age, HT) for AF;
P(Stroke | age, DLP) for DLP; and P(Stroke | age, DM, BMI)
for DM (Multimedia Appendix 3). For the POM approach, the
SPS estimator showed AF as the highest risk of stroke, followed
by HT, DM, and DLP with risk estimates of 0.084 (95% CI
0.079-0.088), 0.019 (95% CI 0.015-0.020), 0.010 (95% CI
0.008-0.010), and 0.0015 (95% CI −0.0002 to 0.0027),
respectively. IPW yielded similar, albeit slightly higher,
corresponding risks of 0.092 (95% CI 0.089-0.096), 0.024 (95%
CI 0.022-0.025), 0.010 (95% CI 0.008-0.010), and 0.001 (95%
CI −0.0005 to 0.0025), respectively. Comparable results were
observed in the DRE analysis, with a similar trend of risk effect
estimates of 0.082 (95% CI 0.0849-0.0871), 0.025 (95% CI
0.0243-0.0257), 0.008 (95% CI 0.0057-0.0063), and 0.0006
(95% CI 0.0001-0.0011), respectively.

The SCM estimation also yielded similar trends to the POM
approach, in which the risk of stroke was 0.096 (95% CI
0.0948-0.0972), 0.021 (95% CI 0.0204-0.0216), 0.007 (95%
CI 0.0067-0.0073), and 0.0005 (95% CI 0.0004-0.0006) for AF,
HT, DM, and DLP, respectively. Mediation analysis indicated
the NDE of HT to be 0.020 (95% CI 0.019-0.021) and the NIE
to be 0.0027 (95% CI 0.0025-0.0029). NDE and NIE for DM
and DLP were both modest and consistent with the findings
from other models. Figure 1 illustrates the pathways through
which the mediators act: HT mediates through CKD and AF,
DM mediates through HT and CKD, while DLP mediates
through HT.

In the context of DML, the nonparametric model estimates were
slightly smaller than those for the linear model, with risks of
0.086 (95% CI 0.0849-0.0871), 0.015 (95% CI 0.0145-0.0155),
0.006 (95% CI 0.0057-0.0063), and 0.0 (95% CI −0.0001 to
0.001) for AF, HT, DM, and DLP, respectively, whereas the
corresponding linear model estimate risks were 0.097 (95% CI
0.096-0.098), 0.023 (95% CI 0.0223-0.0236), 0.009 (95% CI
0.0087-0.0093), and 0.002 (95% CI 0.0018-0.0022).

Dragonnet estimated the causal effects of AF, HT, DM, and
DLP on stroke as 0.075 (95% CI 0.074-0.076), 0.017 (95% CI
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0.0169-0.0170), 0.01 (95% CI 0.009-0.010), and −0.002 (95%
CI −0.0022 to 0.0021), with causal ratios of 4.56 (95% CI
4.56-4.57), 2.44 (95% CI 2.41-2.46), 1.41 (95% CI 1.21-1.60),
and 0.856 (95% CI 0.855-0.858), respectively. The odds ratios
from the logistic regression models were respectively 3.34 (95%
CI 2.68-3.75), 2.56 (95% CI 2.33-2.80), 1.16 (95% CI
1.05-1.30), and 1.00 (95% CI 0.8-1.4). Details are provided in
Multimedia Appendix 3 for comparison.

The influence of risk reduction for individual patients who did
not receive antiplatelet therapy, had they been given the
medication (counterfactuals of nontreatment ITEs), was

examined using weighted split-CQR. As shown in Multimedia
Appendix 4, three of the samples (3/50, 6%) appear to have
potentially benefited from antiplatelet treatment, indicating that
a considerable number of patients might have experienced a
positive impact on their stroke risk reduction had they received
the medication. The mean ITEs indicated that several patients
with DM or DM with HT were not currently receiving
antiplatelet treatment and would be more likely to benefit if
they had received it, with reduction of total risk as −0.015 (IQR
−0.011 to −0.018) and −0.016 (IQR −0.015 to 0.022) among
each group, respectively (Figure 3).

Figure 3. Box plot representing the mean individual treatment effect for patients with different risk factors who had not been taking antiplatelet
medication, illustrating the potential impact on stroke risk reduction if they had received antiplatelet therapy. DLP: dyslipidemia; DM: diabetes mellitus;
HT: hypertension; ITE: individual treatment effect.

Discussion

Principal Findings
We estimated the causal influences of risk factors associated
with stroke outcomes using multiple approaches that included
SPS, IPW, DRE, SCM, and mediation analysis, in addition to
DML and Dragonnet NNs. Our findings indicate strong positive
causal effects associated with AF and HT on stroke
development, with DM exerting a weaker effect. DLP, in
contrast, had little effect. Furthermore, our analysis suggests
that patients with both DM and HT not currently in receipt of
antiplatelet treatments would be the most likely beneficiaries
of antiplatelet therapy based on the mean ITEs.

The results from the different estimators generally demonstrated
consistency, although there were slight variations in specific
point estimates and confidence intervals varied slightly. The
estimated causal effect derived from various methods using

real-world observational data is comparable with standard cohort
epidemiological studies using more traditional logistic regression
approaches [28,29].

Comparison to Prior Works
SPS is a widely used method that minimizes confounding bias
by adjusting baseline covariates and confounding factors and
estimating treatment effects by stratum. However, SPS is
sensitive to the number of strata and features that affect both
treatment and outcome (confounding factors), which can lead
to bias in the causal effect estimate [30-33]. In addition, some
strata may be sparsely populated, making the ATE hard to define
and more prone to bias [34]. Rosenbaum and Rubin [9]
originally proposed dividing the strata into 5 levels and then
subsequently automatically splitting the strata until the balance
in the numbers of treated and control observations was achieved
[25].
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IPW attempts to reduce confounding of the ATE by weighting
the sample with the inverse propensity score and by balancing
the distribution of the covariates between the treated and
untreated groups [35], thereby avoiding the problem of data
sparsity that may be present in SPS, particularly with small
sample sizes. However, there is a reliance on the assumption
that the propensity score model correctly captures all
confounding factors, which, if incorrect, may bias the ATE.
Additionally, IPW is more sensitive to the model and variable
selection for estimating the propensity scores, with small
differences in estimated propensity scores potentially leading
to large differences in estimated causal effects [36]. Finally,
IPW may imprecisely estimate treatment effects if a sample size
is small, leading to a propensity score close to 0 or 1 [36,37].

DRE combines propensity score and outcome regression models
[38], which can lead to improvements in the robustness of model
specification by allowing one of the two treatment and outcome
models to be miss-specified but still provide a consistent
estimation [39]. The challenge is to validly model either the
propensity score or the outcome model; it may be tempting to
use modern machine learning approaches or nonparametric
models in DRE, but this may lead to bias if the functions are
too complex, leading to overfitting [40,41]. DML was developed
to address the bias from regularization and overfitting in
estimating the parameter of interest, which arises when naively
inserting machine learning estimators into the estimation
equation. This approach consists of two critical components:
(1) the use of Neyman-orthogonal moments or scores to estimate
the parameters and (2) the application of cross-fitting, which
provides an efficient form of data-splitting. By using both
elements, DML minimizes the impact of regularization bias and
overfitting on parameter estimation; this also extends to
nonparametric models [14].

Applying POMs (eg, SPS, IPW, DRE) relies heavily on the
assumption that the treatment assignment is independent of the
PO given the observed covariates, which is known as
“unconfoundedness” or the conditional independence
assumption. If this assumption does not hold, the estimated
causal effect will be biased. In contrast, SCMs facilitate the
modeling of complex relationships between multiple causes
and effects in the presence of latent or unobserved variables
[4,42]. In addition, SCMs can be considered as counterfactual
predictions of interventions, which can be useful in applications
such as causal inference in experimental or observational studies
[43-46]. However, SCMs are limited by the assumption of
independence between variables and may require conceptualized
causal relationship mechanisms.

The benefit of using NNs to estimate causal effects is their
flexibility and power to handle high-dimensional and complex
data. Shalit et al [17] introduced TARNet by sharing information
between the PO of treatment and control groups, which is
different from the previous model that separated the training
data. More recently, Dragonnet was developed by combining
propensity scores with targeted regularization, resulting in more
accurate inference [18]. Dragonnet is considered more robust
with very low or high propensity scores but has several
limitations including sensitivity to choice of architecture and
hyperparameters, dealing with only a single set of features at a

time, and difficulty of interpretation [18]. Despite some
limitations, Dragonnet’s benefits surpass these drawbacks,
making it an attractive approach for estimating causal effects
in complex real-world data.

Strengths and Limitations
A critical aspect of causal inference, particularly in estimating
CATE, involves certain assumptions, notably ignorability and
positivity. Strong ignorability necessitates the observation and
adjustment for all confounding variables that influence both the
treatment and the outcome, while positivity ensures that every
patient has a nonzero probability of receiving each treatment.
In our study, we believe these assumptions are reasonably
satisfied. We included a comprehensive set of covariates, such
as age, sex, BMI, chronic kidney disease, and relevant
comorbidities (HT, DM, DLP, and AF), which are
well-documented factors influencing stroke risk and treatment
decisions. However, we acknowledge that there might be
unmeasured confounders not captured in our dataset. Regarding
the decision on antiplatelet drug administration, we utilized
detailed patient records from Ramathibodi Hospital, ensuring
a thorough assessment of factors influencing treatment.
Nonetheless, we recognize the potential for residual confounding
and the inherent limitations of observational data. Future studies
could benefit from incorporating more granular clinical data
and leveraging advanced causal discovery methods to further
validate these assumptions.

Causal effects can vary between individuals, which necessitates
the estimation of ITEs. Treatment effects can vary between
individual patients; therefore, applying a single treatment effect
as CATE to all individual patients is inappropriate [47,48] as
some patients may gain more or less benefit from treatments.
Thus, the estimation of ITE to identify at-risk patients most
likely to benefit from treatment is a major goal for stratified
and precision medicine approaches. Estimating ITEs requires
larger sample sizes, as individual-level estimates are less precise
than aggregate-level estimates [49]. A covariate shift may result
from unobserved counterfactual data but this is minimized using
a weighted split-CQR approach [23].

We believe that the clinical implications of our study are
significant, as understanding the causal relationships and
individual treatment effects of stroke risk factors can directly
influence patient care by providing more precise and
personalized risk assessments. Additionally, we can conduct
reviews and quality assessments of current patients in the clinic
to determine who should receive further treatment. These
methods enable clinicians to identify high-risk patients who
would benefit most from targeted interventions, like antiplatelet
therapy, thereby optimizing treatment strategies and improving
patient outcomes. The use of real-world data ensures that our
findings apply to everyday clinical practice.

Our study has some limitations. First, we used real-world data
rather than RCT data, thus some important covariates were not
previously planned, measured, and collected as part of routine
clinical evaluation and were therefore unavailable for ITE
estimation. Second, we acknowledge the possibility of
unmeasured confounders in the observational dataset. Future
studies could benefit from incorporating more granular clinical
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data, such as detailed medication records, laboratory results,
and lifestyle factors, to mitigate potential confounding. Third,
the models used for estimating ITEs were trained and validated
in only a single setting, thereby limiting their generalizability.
Future research should focus on validating the models in diverse
settings with different patient populations or hospitals. This
external validation would help to determine whether the models’
predictive performance and the estimated ITEs hold true across
various contexts.

Conclusion
This study provides comprehensive causal estimates of AF, HT,
DLP, and DM on stroke using various advanced statistical and
machine learning methodologies. The consistent results across
multiple analytical approaches and this study’s alignment with
a standard cohort study reinforce the robustness of our findings.
AF and HT emerged as significant risk factors for stroke, with
DM showing a moderate effect, while DLP had minimal impact.

Notably, the use of Dragonnet and conformal inference
techniques allowed us to accurately estimate ITEs, highlighting
that several high-risk patients who did not take antiplatelets at
the time of data recorded, particularly those with DM or DM
combined with HT, could potentially benefit from antiplatelet
therapy. This suggests that personalized treatment strategies
could be pivotal in reducing stroke risk among these patients.

The findings underscore the significance of individualized risk
assessment and treatment personalization in clinical settings.
Future research should focus on integrating these advanced
causal inference models into routine clinical practice to enhance
treatment outcomes for high-risk stroke patients. Additionally,
the use of real-world data provides valuable insights but also
presents challenges related to unmeasured confounding and data
quality. Addressing these challenges in future studies will be
crucial for advancing our understanding and improving stroke
management strategies.
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Abstract

Background: Electronic clinical decision support systems (eCDSSs) are key to the digital transformation of health care. Despite
their growing adoption, little is known about the perspectives of mental health clinicians on the implementation of eCDSS to
assist them in managing physical health conditions within mental health care settings.

Objective: This study aimed to explore how clinicians in older adult mental health services manage stroke risk in patients with
atrial fibrillation (AF) and comorbid serious mental illness who are admitted to the hospital under their care. It also sought to
examine clinicians’ views on the potential role of an eCDSS in enhancing stroke risk assessment and management.

Methods: A cross-sectional mixed methods study was conducted between March and May 2023 in 3 inpatient wards for mental
health of older adults at South London and Maudsley NHS (National Health Service) Foundation Trust. Health care professionals,
including psychiatrists and pharmacists, participated in a web-based survey and individual semistructured interviews. Ethical
approval and informed consent were obtained. A descriptive analysis was conducted on the survey data, while interview data
were analyzed thematically using an inductive approach.

Results: In total, 10 clinicians participated in the study. Thematic analysis revealed 2 primary themes. First, clinicians reported
significant challenges in clinical practice, including difficulties accessing patient medical histories, limited expertise in managing
physical health conditions, fragmented care pathways, and the impact of mental health symptoms such as psychotic beliefs on
stroke prevention. Second, clinicians identified strategies to improve practice, such as embedding alerts in electronic records,
establishing clear organizational policies, and providing tailored training on AF-related stroke management. Clinicians recognized
the potential of an eCDSS to enhance clinical effectiveness, improve the identification of high-risk patients, ensure safer and
more consistent care, and save time. However, they expressed concerns about potential risks, including rigidity in decision-making,
overreliance on the tool, false positives, reduced critical thinking, annoyance, and increased workload.

Conclusions: This study highlights the challenges and opportunities in managing AF-related stroke risk in mental health settings.
While clinicians acknowledged the potential of an eCDSS to improve care quality and efficiency, addressing concerns about its
design and implementation is essential. These insights can inform the development of eCDSS tools that effectively balance
benefits with user needs, ultimately improving patient outcomes in mental health services.

(JMIR Cardio 2025;9:e66428)   doi:10.2196/66428

KEYWORDS

atrial fibrillation; mental illness; stroke risk; stroke; clinical decision support systems; CDSS; digital health alerts; decision
support; heart; cardiac; arrhythmia; cardiology; interview; qualitative approach; thematic analysis; experience; attitude; opinion;
perception; perspective; medical informatics
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Introduction

Electronic clinical decision support systems (eCDSSs) are
software-based tools that analyze patient data locked in
electronic health records (EHRs) and provide clinicians with
relevant clinical support in the form of alerts or reminders [1].
Given the increasing volume of clinical information and the
rapid advances in the field of medicine, eCDSSs can be pivotal
in providing evidence-based clinical guidelines and tailored
clinical support with personalized guidance for diagnostic,
therapeutic, and preventive interventions [1].

eCDSSs have gained substantial attention in recent years for
their potential to assist health care professionals in selecting
appropriate treatment, managing medication (eg, dosing,
contraindications, potential interactions, and side effects),
calculating risk scores, identifying patients at risk, tracking
patient progress over time, and documenting clinical data [2].
This has the potential to reduce medical errors and enhance
health outcomes. However, eCDSSs can also have drawbacks.
Alert fatigue can result in health care professionals becoming
desensitized to notifications and potentially missing important
information. This is often the case when the digital tool is
overused or poorly designed [2-4]. Clinicians can report feeling
overwhelmed with the volume and frequency of alerts, which
may, in turn, disrupt workflow, resulting in less face-to-face
time with patients [2-4]. Additionally, eCDSSs can lead to
incorrect recommendations if the data input are inaccurate or
of poor quality [2-4].

Many eCDSSs have been developed to help health care
professionals manage physical health conditions, including atrial
fibrillation (AF) and associated stroke risk [5]. AF is an
arrhythmia characterized by irregular heartbeats. AF disrupts
the ability of the heart to pump blood effectively, resulting in
a higher risk of blood clotting within the left atrium of the heart
and an increased risk of stroke [6]. Based on the National
Institute for Health and Care Excellence (NICE) guidelines,
patients with AF should undergo a stroke and bleeding risk
assessment using the CHA2DS2-VASc and ORBIT (Outcomes
Registry for Better Informed Treatment of Atrial Fibrillation)
scales, respectively. NICE recommends oral anticoagulation
(OAC) therapy for patients with a CHA2DS2-VASc score ≥2
and asks clinicians to consider anticoagulation for males with
a CHA2DS2-VASc of 1. When the bleeding risk is low (ORBIT
score <3), OAC therapy can be initiated or continued; however,
when the risk is moderate or high, careful consideration of the
benefits and potential risks associated with the therapy is
required [7].

Research assessing the prevalence of AF among people with
mental disorders is scarce. A recent nationwide population-based
study reported that the risk of AF increased by 2-fold in patients
with bipolar disorder or schizophrenia and by 1.5‐ to 1.7-fold
in those with depression, insomnia, and anxiety disorders
compared to controls [8]. Additionally, people living with a
mental illness are at increased risk of cardiovascular disease
(including strokes), mainly due to risk factors such as obesity,
smoking, diabetes, hypertension, and dyslipidemia [8]. Despite
evidence supporting the benefits of OAC therapy, people with

AF and comorbid mental health conditions are less likely than
the general population to be prescribed OAC therapy [9].

While many studies have evaluated the feasibility, acceptability,
and effectiveness of eCDSSs in supporting the management of
AF and related stroke risk in general acute hospital settings,
these studies were not conducted in mental health care settings
[10-19]. Implementing an eCDSS that screens for the stroke
risk among patients with AF admitted to a mental health hospital
is key to early prevention and quality of life improvement.

This study focuses on older adult mental health services to
investigate how AF-related stroke risk is managed in individuals
with comorbid severe mental illness, addressing gaps in care to
improve outcomes in this high-risk population. Specifically,
the study aims to explore (1) clinicians’experiences in managing
AF-related stroke prevention in secondary mental health care
services and (2) their perspectives on the potential impact of an
eCDSS in enhancing the quality of care in these settings.

Methods

Design
This cross-sectional study used a mixed methods research
design, incorporating a short web-based survey and individual
semistructured interviews.

Ethical Considerations
Ethical approval was granted by the King’s College London
Research Ethics Committee, SLaM Capacity and Capability
(Trust R&D Reference: R&D2023/004) and NHS (National
Health Service) Health Research Authority (22/HRA/5452).
The study was conducted in accordance with the principles of
the Declaration of Helsinki (1996) and all applicable regulatory
requirements, including but not limited to the UK policy
framework for health and social care research, Trust and
Research Office policies and procedures, and any subsequent
amendments. Information gathered in this study was kept
confidential and managed based on the Data Protection Act,
NHS Caldicott Guardian, The Research Governance Framework
for Health, and Social Care and HRA Approval. Informed
consent was obtained from all participants before data collection.
Potential participants were provided with an information leaflet
outlining the study’s purpose, procedures, and their right to
withdraw at any time without consequence. Participants were
informed that their participation was voluntary. To ensure
privacy and confidentiality, all participant data were anonymized
and de-identified. Personal identifiers were removed from the
transcripts, and the data were stored securely in compliance
with data protection regulations. Any information that could
potentially identify participants was excluded from the analysis
and reporting. No compensation was provided to participants
in this study, as the nature of the study did not involve any direct
financial incentives for participation.

Recruitment
The study was conducted between March and May 2023 in 3
mental health of older adult (MHOA) inpatient wards at South
London and NHS Foundation Trust (SLaM). These wards
provide specialized care for older adults with a range of mental
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health conditions, often coexisting with physical health
challenges. Purposive sampling was used to identify and recruit
participants who were likely to provide clinical care for patients
with AF and a comorbid mental health condition.

Senior management on potential wards were first approached
by the research team and given brief information regarding the
nature of the study and the eCDSS to be implemented. Wards
that expressed an interest in the study were provided with further
detailed information.

A subgroup of health care professionals, including psychiatrists
and pharmacists working on recruited wards, were all invited
to complete a short survey and take part in an individual
interview. Potential participants varied in terms of professional
seniority and clinical experience, with a focus on including
diverse perspectives to enrich the findings. Potential participants
were given an information leaflet and an opportunity to ask and
discuss any further concerns regarding the study. If in agreement
to enroll, participants were asked to sign a consent form. The
number of participants required for this study was not
pre-estimated and was fully dependent on theme saturation in
the qualitative part.

Intervention
The eCDSS consists of a visual prompt integrated into the EHR,
which is triggered whenever a patient with documented AF,
either chronic or newly diagnosed upon admission, is admitted
to the hospital. Using natural language processing, the system
identifies references to AF in clinical notes and alerts clinicians
to confirm the presence of AF, complete clinical assessments
of stroke and bleeding risks using the CHA2DS2-VASc and
ORBIT scales, and record the scores in the EHR. For patients
found to have a high risk of stroke, clinicians are prompted to
refer them to OAC clinics for specialized care.

Data Collection
All participants were asked to complete a short web-based
survey designed to gather demographic and professional
background information, including their age, gender,
professional background, and years of clinical experience. The
questionnaire was developed to assess clinicians’ awareness
and confidence regarding AF-related stroke prevention. It
included a series of statements related to their knowledge of
AF guidelines, their confidence in assessing stroke and bleeding
risks using the CHA2DS2-VASc and ORBIT scales, and their
confidence in managing patients at risk of stroke. Each statement
was rated on a Likert scale, ranging from strongly disagree to
strongly agree (Multimedia Appendix 1). Example statements
included the following: “I am confident in identifying atrial
fibrillation patients eligible for oral anticoagulation therapy,”
“I am confident in assessing the stroke risk using the
CHA2DS2-VASc tool and the bleeding risk using the ORBIT
tool,” and “I am confident in managing atrial fibrillation-related
stroke risk in mental healthcare settings.”

The development of the questionnaire involved collaboration
with field experts, including psychiatrists, general practitioners
(GPs), and health care professionals with expertise in stroke
prevention and mental health care. This ensured that the items

were relevant to the clinical context and aligned with current
guidelines for stroke prevention in patients with AF. The
questionnaire was pretested with a small sample of health care
professionals to ensure clarity and relevance, and minor
revisions were made based on their feedback.

In addition to the survey, an interview schedule was created to
explore participants’ experiences with AF-related stroke
prevention in secondary mental health care services and the
potential impact of an eCDSS on clinician-led care in MHOA
wards. The interview topic guide was informed by feedback
from field experts, ensuring that the questions were
comprehensive and aligned with the research objectives
(Multimedia Appendix 2).

Participants were contacted via email, and interviews were
scheduled according to their availability. The interviews were
conducted via Microsoft Teams, with the same researcher (DF)
leading all interviews. Each interview lasted approximately 20
minutes and followed a semistructured format with key prompts
to direct the discussion while allowing flexibility for participants
to share their insights. All interviews were audio-recorded,
transcribed verbatim, and deidentified prior to analysis.

Data Analysis
Data collected through the questionnaire were analyzed
descriptively. Responses to Likert-scale items were summarized
to capture the distribution of confidence levels, perceptions of
current care quality, and attitudes toward the eCDSS.
Demographic and professional background data were also
summarized to contextualize participants’ responses.

Thematic analysis was conducted following Braun and Clarke’s
framework, incorporating updated guidance from their 2023
work on good practices in thematic analysis [20]. An inductive,
data-driven approach was used to allow the themes to emerge
directly from the data. The analysis was conducted by 2
members of the research team (DF and HC) and involved several
iterative steps. First, both researchers immersed themselves in
the data by reading and rereading the transcripts to gain a
comprehensive understanding of the content. Descriptive codes
were independently generated for each transcript by both
researchers, with codes refined and adjusted during subsequent
readings. A coding framework was then collaboratively
developed based on the descriptive codes, and this framework
was iteratively revised to ensure alignment and accommodate
different perspectives.

Codes were grouped into broader themes that reflected
significant patterns in the data and addressed the research
questions. This process involved exploring similarities and
differences within and across transcripts and examining patterns
based on participant characteristics. Themes were iteratively
refined, defined, and labeled to ensure clarity, coherence, and
alignment with the data. To enhance the credibility of the
findings, the themes were discussed with clinical experts and
refined based on their input.

Reflexivity and Methodological Rigor
The research team actively engaged in reflexivity throughout
the study to address potential biases. One of the researchers
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(DF) brought substantial expertise in applied health informatics
and the clinical implications of stroke prevention, which could
have shaped their perspective during data collection and
analysis. To mitigate this, the researcher frequently reflected
on preconceptions and assumptions, documented potential
biases, and maintained an ongoing record of decisions made
during the research process. Additionally, a second researcher
(HC) independently conducted parallel analyses to provide an
alternative lens and challenge interpretations.

Transparency and rigor were further enhanced by explicitly
acknowledging positionality and engaging clinical experts in
the refinement of themes. Methodological rigor was addressed
by ensuring confirmability through the maintenance of a clear
audit trail of the research process. Dependability was established
through the use of a systematic and replicable analytic approach.
Credibility was supported by triangulation between researchers
and consultation with clinical experts, while transferability was
facilitated by providing a detailed description of the study
context and participants to enable readers to assess the
applicability of the findings to similar settings.

Results

The sample comprised 10 participants (from a total of 15 invited
clinicians), of whom 6 reported their gender as female and 4 as
male. Participants’ ages ranged between 25 and 46 years, with

a mean age of 32 years. In terms of professional background, a
slightly larger number were psychiatrists, which included 3
participants at the consultant level and 3 at a more junior level.
The remaining participants (n=4) were pharmacists. The mean
years of clinical experience (defined as years a health care
professional has spent in clinical practice since professional
qualification) was 7.25.

In total, 50% of participants (n=5) considered that AF-related
stroke prevention is suboptimal on the wards where they work.
Half of participants reported being confident or somewhat
confident in managing AF-related stroke prevention in mental
health care settings or in making referrals to OAC clinics.
Around 60% reported being confident or somewhat confident
using the CHA2DS2-VASc tool to assess the risk of stroke,
whereas only 30% reported being confident or somewhat
confident using the ORBIT tool to assess the risk of bleeding.
Almost all participants strongly agreed that having access to an
eCDSS would help them to better assess stroke and bleeding
risks in patients with AF.

Thematic analysis of the interviews identified 2 overarching
themes related to prevention of AF-related stroke: (1) challenges
faced on wards and (2) strategies needed to improve practice
(Figure 1). As for the potential impact of an eCDSS in
improving quality of care, two themes emerged: (1) perceived
benefits and (2) perceived risks (Figure 2).

Figure 1. Coding tree of themes pertaining to the prevention of AF-related stroke in mental health of older adult (MHOA) ward.

JMIR Cardio 2025 | vol. 9 | e66428 | p.518https://cardio.jmir.org/2025/1/e66428
(page number not for citation purposes)

Farran et alJMIR CARDIO

XSL•FO
RenderX

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


Figure 2. Coding tree of themes pertaining to the potential impact of an electronic clinical decision support system (eCDSS) for the prevention of atrial
fibrillation (AF)–related stroke in mental health of older adult wards.

Prevention of AF-Related Stroke in MHOA Wards

Challenges
Participants discussed challenges in the prevention of AF-related
stroke in MHOA wards at 2 levels.

At the clinician level, many participants reported that identifying
a medical history of AF from the electronic clinical notes is a
challenging and time-consuming task. Some of them attributed
this to poor documentation of physical health conditions in
mental health care settings. Another challenge is clinician lack

of knowledge and expertise in the management of physical
conditions. To optimize management of physical long-term
conditions, most clinicians would seek support from specialists
or refer to guidelines such as NICE. Discontinuity of care
provision and lack of communication between primary and
secondary care were also considered obstacles in the prevention
of AF-related stroke in MHOA wards. Participants expressed
their concerns about the lack of coordination and follow-up
with GPs and its effect on the quality of care (Figure 1 and Table
1).
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Table . Illustrative quotations for the identified subthemes.

ExamplesSubthemes

Difficulty in identifying medical history • “sometimes it’s a bit more difficult to get the appropriate history like
have they had any previous strokes, do they have any comorbidities,
or do they have any other risk factors, family history of stroke.”

• “The recording of ECG in the department sometimes isn’t great.
Uploading ECG onto our clinical document system doesn’t happen
a lot of the times, so one of the challenges is to find the ECG initially
for people to identify it.”

• “the doctor usually will read the clinical notes to find out the cardiac
history for the patient. This is how we usually identify AF or any
stroke history for patient. I guess the challenge is that it’s a bit time
wasting because the doctors will have to review previous clinical
letters or any discharge summary.”

Lack of expertise or knowledge • “I don’t feel very confident at all, to be honest. I did my foundation
years ago and like mental health placement before starting psychiatry
training. You know, I used to deal with it a bit on the medical take,
but I think if I were to identify a new AF on admission, I’d just discuss
it with specialists. But independently, if you were like, sort this out
yourself I wouldn’t feel confident.”

• “Sadly not knowledgeable, I would immediately go and look up the
NICE guidance to see the most up to date guidelines because we
don’t use it all the time. I probably know when to be worried. I would
know where to find the information. But it wouldn’t be all in my
mind. But I wouldn’t say I’m knowledgeable at all.”

• “Well, I’m aware of the CHA2DS2VASc and ORBIT, but not familiar
with their use.”

• “I’d speak to my medical colleagues or end up looking at guidelines
and trying to follow because I wouldn’t be kind of regularly checking
on what the latest guidance is. So it’d be something I’d have to refresh
myself when the situation comes up.”

Discontinuity of care • “I also think the communication between primary and secondary care
is probably one of the biggest obstacles.”

• “The main obstacle I think is the discontinuity of care between sec-
ondary care and primary care and also from our side we’re a bit of a
like mental health setting so when we’re starting medications that
might increase the bleed risk, I think that’s something that we don’t
have much of a process for here.”

Complex cases • “Patients refuse to take medications because of their psychotic beliefs
or them just having given up, depression, wanting to die, basically,
so they don’t have the will to get better.”

• “A lot of people at this stage of their dementia lack insight to their
physical health.”

• “If we assess the patient to have a high risk of stroke and we want to
start on anticoagulants, a lot of our patients actually refuse medica-
tion.”

• “Patients don’t want any of the medication either. They think we’re
trying to poison them.”

• “Patients not taking their medication is quite a common scenario on
my ward.”

JMIR Cardio 2025 | vol. 9 | e66428 | p.520https://cardio.jmir.org/2025/1/e66428
(page number not for citation purposes)

Farran et alJMIR CARDIO

XSL•FO
RenderX

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


ExamplesSubthemes

• “having PJS alerts is very key, so something that would prompt
people and you know provide a very easy pathway for them to follow
the guidance rather than kind of spending time to look things up and
then not knowing if it’s accurate or if it’s appropriate.”

• “Reminding people and having these tools easily accessible, you
know, so they don’t have to look them up so that they’re incorporated
probably in the notes.”

• “So I think like very concise and clear guidelines. And probably like
a hyperlink to where you can do the CHA2DS2VASc and ORBIT
scoring and it would then maybe have the kind of action points for
the outcome scores.

• “I think more information. I think what would be good obviously is
an explanation on why that’s being recommended, just so that
physicians are aware. It’d be great if they could say like well, if the
CHA2DS2VASc is greater than this much in these patients, we rec-
ommend that, and for example, if it is recommended that they just
get monitored annually. Just a statement saying why.”

• “ So again I I guess the hardest thing with the AF question is that you
end up with the CHA2DS2VASc and ORBIT scores or whatever,
which is fine. However, you might end up with somebody who you
know they score high on CHA2DS2VASc, but then high for ORBIT
as well. They obviously have something that flags on, but you don’t
really know what that means. There’s still a judgment involved, I
guess. So if it was to help with making that part of the Judgment, that
I guess would be helpful.”

• “I think it would be worth including the e-mail address or way to refer
to cardiology and everything you need to action that request. What
I think would be most useful is kind of like how to do it, what you’re
supposed to do with it and how to do what you’re supposed to do
with it?”

• “Well, obviously, where to refer if you need to. Where to refer if you
need support or help. And maybe also some contact for local OAC
clinics and know where to refer people depending on their GP or
their home address or their hospital location. Just so we’re not kind
of running around and we just got kind of single referral point of ac-
cess.”

Alerts

• “maybe just having like policies on how to manage AF and sort of
guidance. I know we have like the physical health guidelines here,
but yeah, like a clear pathway would be great.”

• “I think having some uniformity of how we address things across
different wards would be helpful and would provide consistency.”

• “at trust level, I guess having a policy. Because at SLaM we have a
bit of a problem in that we don’t have policies for general health
conditions, so I always get calls about where’s SLaM’s policy for
that specific physical health conditions.”

Policies

• “At individual level, probably training for our junior doctors and the
rest of the team as well. Yeah, training on kind of recognition, and
latest guidelines. Also as I mentioned, kind of what to do in a typical
situation which you know we might come into contact with our patient
cohort.”

• “I guess it would be just kind of ongoing training to make sure that
we are up to date with guideline changes and things.”

• “I think improving clinicians knowledge of how to manage it. So
more awareness of when anticoagulant has to be indicated, how to
manage people on anticoagulants. So yeah, just knowledge and like
teaching sessions would be great.”

• “Perhaps during the induction process, this is one of those things that
Drs have to be inducted in the expectation that these are the steps
that we need to take if somebody does have AF.”

Trainings

Improve clinical effectiveness
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ExamplesSubthemes

• “And then another benefit would be increasing awareness in clinicians
about strokes and prevention of strokes especially in elderly patients
where these are more common.”

• “Prompting clinicians and also alerting them can make people feel
comfortable, knowing that they’ve got, like, some sort of system in
place and like everyone know where the responsibilities lie in terms
of managing.”

• “I mean, I think if it’s consistent, if it’s done for all patients, then
we’ll pick up more patients or less will be missed whether or not
patient gonna be compliant is the different thing. But at least we’ll
pick them up and an attempt to sort of preventing stroke will be
made.”

• “The benefits would be to identify, you know information that we
want to quickly.”

• “I guess because it’s hard for clinicians to keep track of the patients
or like all the patients all the time, I guess it will help to speed up
like to help their job a little bit. When they get notified, they can
further look into it rather than missing it out completely.”

• “the benefits can help you achieve something or kind of assessment
risks and benefits and things a bit more quickly.”

• “Then, certainly it would sort of take into account all the guidelines
at the same time and point you in the right direction, which just makes
you save time and effort.”

Save time

• “Starting prevention and treatment earlier.”
• “The benefits would be that people are appropriately anticoagulated

and we avoid strokes especially that we’ve got lots of people with
kind of high physical health care morbidities and vascular risk fac-
tors.”

• “Obviously I think it will reduce the number of patients who might
not be getting the appropriate treatment or the appropriate prevention,
so that would be the main benefit.”

• “I guess they can help to prioritise workload for them and it will also
highlight physical health problems and I think it will help them to
make the decision with a more like a well-rounded approach like
considering the physical health factors, not just the mental health.”

• “So enabling better patient care, faster, maybe more comprehensive,
maybe just safer basically if it’s flagging things up.”

• It “will improve the safety in a tremendous amount to be honest”

Improve patient care

Rigidity in decision-making
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ExamplesSubthemes

• “I think the main thing is that people can just become kind of blink-
ered or rigid in their decision-making and kind of forget about the
the specific individual factors for that patient that may be quite rele-
vant, but don’t necessarily come up on the on the tool.”

• “we can start to think that’s the only thing that matters. So like with
AF preventing stroke they might just care about the CHA2DS2VASc
and ORBIT scores and see what the decision tool makes and they
might not be looking at what other things are happening with the
patients”

• “as long as it’s a suggestion and It’s not going to prevent sort of
clinical decision-making, it is fine. And I think we need to make sure
that yes, it is a prompt and everything but at the end of the day the
clinician has to make a decision based on what they believe is appro-
priate even if it’s not exactly what the tool says. It should be fine as
long as we don’t take the thinking out of it and it’s sort of like a tool
rather than mandatory in a sense.”

• “You know automated system can never replace a human you know,
because the human person takes into account the individual with their
specific circumstances. So most people will probably fit into that
system, but there will be others that require more individualized ap-
proach.”

• “there may be mistakes I guess from the electronic system and iden-
tifying the wrong thing or misleading us. And I worry that maybe at
some point clinicians will just think that if it’s not been highlighted
to me electronically, I don’t need to think about it. I think there’s al-
ways a danger of that for anything so.”

• “if the electronic system has any fault to it, then they could potentially
lead to a mess.”

• “Uh harms of this system would be over reliance of electronic sys-
tems, we can become a bit over relying I think. A bit of an overre-
liance sometimes isn’t great.”

• “It might cause dependency. Clinicians could be just relying on the
screening of the electronic system rather than themselves reading
into the history.”

• “I think maybe the disadvantages are that clinicians will be relying
on electronic decision support system rather than thinking for them-
selves or trying to find their information”

• “There’s lots of things already that we have to do on ePJS and another
form is likely, unless it’s really prompting, it’s likely to get forgotten
and avoided actively or found to be quite annoying.”

• “The harm is I don’t know how the tool is. If it’s going to pick up,
if it’s going to be accurate and picking up what it picks up, if it’s
going to end up more work for the NHS because they’re scrolling
through lots of data.”

• “I guess maybe more paperwork.”
• “because there’s no more time in the day, you know, like there are

sort of limits within which these things are being introduced and It’s
like when you’re filling in that new form you are not doing something
else and whatever that may be.”

Additional work

At the patient level, patients with mental illness admitted to
MHOA wards are complex, generally having both physical and
mental health diagnoses. Illness-related symptoms (eg,
delusional beliefs) and active features of illness may result in
patient denial of being physically ill, saying that they want to
die or refusing medication (Figure 1 and Table 1).

Strategies to Improve Practice
To improve AF-related stroke prevention in MHOA wards,
most participants suggested sending alerts to clinicians on the
patient EHR containing the latest guidelines, including tools
for stroke and bleeding risk assessment, guidance on how to
interpret the scores, and guidance on how to refer patients at

high risk of stroke to OAC clinics. Although most of the
information is available online, health care professionals
highlighted the importance of making it easily accessible when
needed to increase efficiency. They also suggested having
policies at the system level for AF-related stroke management
to ensure consistency and uniformity in health care provision.
At a more individual level, training sessions for health care
professionals on the management of AF and how to perform
stroke and bleeding risk assessments based on the latest
guidelines were thought helpful (Figure 1 and Table 1).

• Subject 9 (psychiatrist): “So I think like very concise and
clear guidelines. And probably like a hyperlink to where
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you can do the CHA2DS2-VASc and ORBIT scoring and
then maybe have the kind of action points for the outcome
scores.

• Subject 4 (pharmacist): “maybe just having like policies
on how to manage AF and sort of guidance. I know we have
like the physical health guidelines here, but yeah, like a
clear pathway would be great.”

eCDSS for the Prevention of AF-Related Stroke

Potential Benefits
Most health care professionals reported that an eCDSS for the
prevention of AF-related stroke in MHOA wards would improve
clinical effectiveness. This could be through spreading
knowledge on the management of the condition among clinicians
specialized in mental health, defining responsibilities, and
ensuring consistency in decision-making. Additionally,
participants emphasized the effectiveness of the tool in saving
time and speeding up the clinical assessment process. They also
reported that an eCDSS would be helpful in improving patient
health outcomes as it will ensure faster, safer, and more
comprehensive care; improve AF identification in MHOA
wards; reduce the chances of getting inappropriate treatments;
and ensure early stroke prevention (Figure 2 and Table 1).

• Subject 4 (pharmacist): “Prompting clinicians and also
alerting them can make people feel comfortable, knowing
that they’ve got, like, some sort of system in place and like
everyone know where the responsibilities lie in terms of
managing.”

• Subject 3 (psychiatrist): “the benefits can help you achieve
something or kind of assessment risks and benefits and
things a bit more quickly.”

• Subject 7 (pharmacist): “So enabling better patient care,
faster, maybe more comprehensive, maybe just safer
basically if it’s flagging things up.”

Potential Risks
While an eCDSS can be a very helpful tool for health care
professionals, it may have potential risks; one of these is the
rigidity in decision-making. Participants reported that they may
become overreliant on such digital tools, which may influence
their critical thinking skills. They also emphasized that errors
in the accuracy of the tool may be misleading and could result
in wrong recommendations. Participants were kind of worried
about the increased workload caused by the digital tool and
reported that annoyance and alert fatigue could be other
downsides (Figure 2 and Table 1).

• Subject 3 (psychiatrist): “I think the main thing is that
people can just become kind of blinkered or rigid in their
decision-making and kind of forget about the specific
individual factors for that patient that may be quite relevant,
but don’t necessarily come up on the on the tool.”

• Subject 4 (pharmacist): “Uh harms of this system would
be over reliance on electronic systems, we can become a
bit over relying I think. A bit of an overreliance sometimes
isn’t great.”

• Subject 6 (pharmacist): “if the electronic system has any
fault to it, then they could potentially lead to a mess.”

• Subject 2 (psychiatrist): “There’s lots of things already that
we have to do on ePJS and another form is likely, unless
it’s really prompting, it’s likely to get forgotten and avoided
actively or found to be quite annoying.”

Discussion

Principal Findings
This was an exploratory study that sought to understand mental
health care professionals’ experience in the prevention of
AF-related stroke and their perspective on the potential impact
of an eCDSS in improving that experience. Clinicians reported
many challenges related to stroke prevention in MHOA wards,
including difficulty identifying patient pertinent medical history,
perceived lack of knowledge and expertise in the management
of physical conditions, fragmented medical care, and patient
psychotic beliefs. To improve clinical practice, they suggested
reminding clinicians of the latest guidelines through alerts on
patient electronic records, having clear policies at the system
level, and providing clinicians with training sessions on
AF-related stroke management. Clinicians reported many
potential benefits for the eCDSS, including improving clinical
effectiveness, better identification of patients at risk, safer and
more comprehensive care, consistency in decision-making, and
saving time. However, they noted that the digital tool could
have potential risks such as rigidity in decision-making,
overreliance, reduced critical thinking, false positive
recommendations, annoyance, and increased workload.

Comparison to Prior Work
Physical comorbidities among people with mental illness present
complex clinical scenarios that require a specialized and holistic
approach to care. Fragmentation between primary and secondary
health services could contribute to uncertainty regarding which
provider is responsible for the management of physical
conditions among people with mental illness [21]. This could
result in missed opportunities for the identification of physical
conditions, which may be hampered by often poor(er)
documentation in mental health services [21]. Additionally,
inadequate training and lack of physical care skills may reduce
mental health care professionals’ confidence in managing
physical conditions [22]. Continuous training, access to
resources, and specialist support are all factors that may
influence the level of confidence in dealing with acute conditions
considered out of their specialty [22]. Another common scenario
that prevents or delays the management of physical conditions
among people with mental illness is diagnostic overshadowing,
which refers to the misattribution of physical symptoms to
mental illness [23]. Features of the mental illness itself may
also create major challenges, as people experiencing cognitive
impairment, hallucinations, or delusions may not recognize or
have difficulty communicating symptoms, may resist medication
or struggle with medication adherence [23].

The impact of eCDSSs on AF knowledge, OAC prescription,
adherence to guidelines, and patient outcomes has been
investigated in general health care settings [10-19], with mixed
findings on their effectiveness [10-19]. Research aiming to
understand clinician perception of how an eCDSS can be
supportive and useful is scarce, although this could serve as a
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basis for creating digital health tools that are impactful and
aligned with their needs. In a study conducted in China to
evaluate the acceptance of an eCDSS that automatically assesses
the risks of stroke and bleeding and suggests treatments
accordingly, GPs showed positive attitudes toward the digital
tool, reporting that it would be helpful and would strengthen
their confidence and capabilities in managing patients with AF
[24]. This is consistent with results of our study, where clinicians
expressed a lack of confidence in managing stroke risk related
to AF and their need to refer to guidelines or to seek advice
from specialists even if they already knew about current
recommendations. Thus, implementing an eCDSS providing
the latest guidelines, tools required to complete clinical
assessments for stroke and bleeding risks, and guidance on how
to interpret these scores would decrease dependence on specialist
inputs and increase clinical efficiency. Our findings are also in
line with those of a recent systematic review aiming to identify
barriers and facilitators of using CDSSs by primary care
professionals [25]. In this review, the reported benefits of the
digital tools were improving quality of care, saving time,
facilitating decision-making, improving professional
self-confidence, and updating knowledge [25]. The main barriers
were resistance or reluctance, alert fatigue, information overload,
disruption of workflow, negative attitude, lack of motivation to
use, lack of computer skills, and validity concerns [25].

Strengths and Limitations
This study has several strengths. First, it used both quantitative
and qualitative data collection and analysis methods, which
provided a comprehensive and holistic understanding of the
topic of interest. While the quantitative methods offered
numerical data, the qualitative approach allowed for a deeper
exploration of clinician perceptions and experiences with the
digital tool. Second, the study was conducted in 3 wards at
South London and Maudsley NHS Foundation Trust (SLaM),
which enhances the robustness, applicability, and impact of the
research findings in a specific health care context. Third, 2
researchers independently worked on data extraction and
analysis, which increased the rigor, transparency, and reliability

of the research process. This approach also helped reduce
researcher bias and validated the results.

However, the study has several limitations. First, there may
have been some reluctance among health care professionals to
express their lack of knowledge or confidence in assessing
physical health conditions, potentially leading to reporting bias.
This was mitigated by explicitly informing clinicians that the
data from interviews would be deidentified and that the purpose
of the study was to understand their experiences in managing
AF-related stroke risk and to inform the implementation of an
eCDSS in a helpful way. Second, the study focused only on
psychiatrists and pharmacists, as they are typically the
professionals involved in clinical assessments related to stroke
and bleeding risks. Including other health care professionals
with diverse clinical experiences might have enriched the
findings and provided a broader perspective. Third, the sample
size in this study was relatively small. However, this limitation
was addressed by continuing data collection until saturation
was reached, ensuring that no new themes emerged from
participants’ perspectives. This approach is consistent with
findings from a recent systematic review, which suggests that
saturation in qualitative research can typically be achieved
within 9-17 interviews [26]. Future studies could consider
expanding the sample size to confirm the findings and improve
the generalizability of the results.

Conclusions
The study findings indicate that adoption of an eCDSS for stroke
risk screening in a psychiatric health service has the potential
to be a valuable tool. However, health care organizations and
clinicians need to be mindful of the challenges associated with
increased workload and the potential overreliance on the
system’s recommendations. To maximize the clinical benefits
while minimizing the drawbacks, a balanced approach to eCDSS
integration is essential. This might involve ongoing training,
customization of the system to local practice, and clear
guidelines on how to use eCDSS recommendations in
conjunction with clinical judgment to provide patient-centered
care.
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Abstract

Background: Coronary heart disease (CHD) is a major cause of morbidity and mortality worldwide. Identifying key risk factors
is essential for effective risk assessment and prevention. A data-driven approach using machine learning (ML) offers advanced
techniques to analyze complex, nonlinear, and high-dimensional datasets, uncovering novel predictors of CHD that go beyond
the limitations of traditional models, which rely on predefined variables.

Objective: This study aims to evaluate the contribution of various risk factors to CHD, focusing on both established and novel
markers using ML techniques.

Methods: The study recruited 7672 participants aged 30-84 years from Suita City, Japan, between 1989 and 1999. Over an
average of 15 years, participants were monitored for cardiovascular events. A total of 7260 participants and 28 variables were
included in the analysis after excluding individuals with missing outcome data and eliminating unnecessary variables. Five ML
models—logistic regression, random forest (RF), support vector machine, Extreme Gradient Boosting, and Light Gradient-Boosting
Machine—were applied for predicting CHD incidence. Model performance was evaluated using accuracy, sensitivity, specificity,
precision, area under the curve, F1-score, calibration curves, observed-to-expected ratios, and decision curve analysis. Additionally,
Shapley Additive Explanations (SHAPs) were used to interpret the prediction models and understand the contribution of various
risk factors to CHD.

Results: Among 7260 participants, 305 (4.2%) were diagnosed with CHD. The RF model demonstrated the highest performance,
with an accuracy of 0.73 (95% CI 0.64‐0.80), sensitivity of 0.74 (95% CI 0.62‐0.84), specificity of 0.72 (95% CI 0.61‐0.83),
and an area under the curve of 0.73 (95% CI 0.65‐0.80). RF also showed excellent calibration, with predicted probabilities
closely aligning with observed outcomes, and provided substantial net benefit across a range of risk thresholds, as demonstrated
by decision curve analysis. SHAP analysis elucidated key predictors of CHD, including the intima-media thickness (IMT_cMax)
of the common carotid artery, blood pressure, lipid profiles (non–high-density lipoprotein cholesterol, high-density lipoprotein
cholesterol, and triglycerides), and estimated glomerular filtration rate. Novel risk factors identified as significant contributors
to CHD risk included lower calcium levels, elevated white blood cell counts, and body fat percentage. Furthermore, a protective
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effect was observed in women, suggesting the potential necessity for gender-specific risk assessment strategies in future
cardiovascular health evaluations.

Conclusions: We developed a model to predict CHD using ML and applied SHAP methods for interpretation. This approach
highlights the multifactor nature of CHD risk evaluation, aiming to support health care professionals in identifying risk factors
and formulating effective prevention strategies.

(JMIR Cardio 2025;9:e68066)   doi:10.2196/68066

KEYWORDS

coronary heart disease; machine learning; logistic regression; random forest; support vector machine; Extreme Gradient Boosting;
Light Gradient-Boosting Machine; Shapley Additive Explanations; CHD; SVM; XGBoost; LightGBM; SHAP

Introduction

Coronary heart disease (CHD) remains a leading cause of
morbidity and mortality worldwide, responsible for
approximately 9.14 million deaths in 2019 [1,2]. Early
identification of individuals at high risk is crucial, as timely
interventions can significantly reduce the likelihood of severe
outcomes like heart attacks and strokes. Studies have shown
that early prediction and intervention can lead to a notable
reduction in CHD-related mortality through preventive
treatments such as statins and lifestyle changes [1-3]. While
conventional risk assessment models have been used, there is
growing recognition of the potential of machine learning (ML)
in enhancing CHD prediction [4,5].

ML algorithms have proven their ability to analyze complex
data and identify intricate patterns and relationships that are not
easily detected by traditional statistical methods [6-10]. By
integrating diverse data sources, such as demographics, medical
history, lifestyle habits, and diagnostic findings, these algorithms
can predict the likelihood of developing CHD. This approach
offers comprehensive risk evaluation, adaptability to new data,
and the potential to uncover novel risk factors and disease
mechanisms [11].

Several studies have demonstrated the effectiveness of ML
models in deriving quantitative markers for coronary artery
disease and predicting the presence of heart disease. For
example, a study developed and validated a coronary artery
disease–predictive ML model using electronic health records
and assessed its probabilities as in silico scores for coronary
artery disease in participants in 2 longitudinal biobank cohorts
[12]. Another study applied an ensemble ML model for coronary
disease prediction, using ML classifiers to predict heart disease
[13]. These findings highlight the potential of ML in driving
innovation and improving the accuracy of CHD diagnosis and
prediction [14].

However, challenges exist in utilizing ML for CHD prediction,
including data quality, feature selection, model interpretability,
and generalizability. These issues must be carefully addressed
to ensure the reliability and robustness of the predictive models.
Rigorous validation, regulatory compliance, and effective
communication strategies are essential for its successful
integration into clinical practice.

While several established CHD prediction models rely on
traditional statistical techniques with predefined risk factors,
they are limited by linear assumptions and struggle with

complex, high-dimensional datasets. This restricts their ability
to uncover novel or subtle risk factors. In contrast, ML models
can handle these complexities, offering more nuanced and
accurate predictions by identifying nonlinear interactions and
discovering previously overlooked factors. Therefore, ML may
enhance the overall understanding of CHD and improve both
risk assessment and prevention strategies.

This study aimed to address the role of ML techniques in
predicting incident CHD and identifying novel risk factors. This
study sought to deepen our understanding of the factors
contributing to CHD development by analyzing a comprehensive
dataset. These findings will enhance risk assessment, enabling
the development of personalized interventions and preventive
strategies.

Methods

Study Design and Participants
The Suita Study, a prospective population-based cohort study,
was conducted in Suita City, Osaka, Japan. From 1989 to 1999,
a total of 7672 men and women aged 30-84 years who did not
have a previous history of cardiovascular disease were recruited
for the study. Participants were selected from the population
registry of the municipality and were followed up every 2 years
for an average of 15 years until their first occurrence of stroke,
myocardial infarction (MI), death, or relocation.

After excluding participants with missing outcome data and
removing unnecessary variables, the analysis included 7260
participants and 28 variables. Opt-out procedures were
implemented for those who preferred not to participate in this
study. Informed consent was obtained from all participants at
the time of enrollment. The study followed the Transparent
Reporting of a Multivariable Prediction Model for Individual
Prognosis or Diagnosis and Artificial Intelligence (TRIPOD+AI)
statement guidelines for reporting prediction models in
medicine, and we have added the completed checklist in
Checklist 1 [15].

Ethical Considerations
The study was conducted in compliance with the ethical
standards outlined in the Declaration of Helsinki, and approval
was granted by the Institutional Review Board at the National
Cerebral and Cardiovascular Center (approval R21024-2). As
this study involves secondary data analysis, it is important to
note that the original informed consent, obtained during the
primary data collection, permits the use of the data for secondary
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analyses without requiring additional consent from participants.
Participants’ privacy was protected by anonymizing or
deidentifying the data to prevent identification.

Outcome
The primary outcome was CHD, including MI, sudden death
within 24 hours of acute illness onset, and coronary artery
disease requiring bypass surgery or intervention. Medical
records were carefully reviewed by hospital doctors or
researchers who were blinded to the baseline data to provide an
unbiased approach to the analysis. MIs were classified as
definite or probable according to the criteria established by the
MONICA Project [16].

Every 2 years, each participant’s health was evaluated at the
National Cerebral and Cardiovascular Center in Osaka, Japan,
to detect the occurrence of CHD. Yearly questionnaires were
also completed by all participants by mail or telephone. CHD
surveillance was completed by systematically searching for
death certificates [17,18].

Predictors
Predictors were measured at baseline and processed according
to a standardized protocol. A comprehensive and prospective
data collection process was implemented, encompassing various
aspects such as demographics, medical history, medical imaging,
laboratory data, lifestyle habits, and outcomes.

Blood Pressure and Physical Measurements
Blood pressure was measured in each participant using a
mercury column sphygmomanometer, an appropriately sized
cuff, and a standardized protocol to ensure accuracy and
precision [17]. Before the initial blood pressure reading, the
participants were instructed to rest for at least 5 minutes to
establish a stable baseline. Blood pressure readings were
obtained by averaging the second and third measurements,
which were performed at intervals of more than 1 minute to
allow for adequate observation and recording. Hypertension
was defined as systolic blood pressure ≥140 mm Hg, diastolic
blood pressure ≥90 mm Hg, or the use of antihypertensive
medications.

BMI was calculated as weight (kg) divided by the square of

height (m2).

Biochemical Measurements
At baseline, routine blood tests were conducted, including
measurements of total cholesterol, high-density lipoprotein
cholesterol (HDL-c), and fasting glucose levels. Non-HDL-c
was calculated by subtracting HDL-c from total cholesterol.
Diabetes mellitus was diagnosed if participants had fasting
plasma glucose (FPG) ≥126 mg/dL, a non-FPG ≥200 mg/dL,
or the use of diabetes mellitus medication.

The estimated glomerular filtration rate (eGFR; mL/min/1.73

m2) was calculated according to the original Modification of
Diet in Renal Disease equation modified by the Japanese

coefficient (0.881) as follows: 0.881×186×serum creatinine−1.154

× age−0.203 × (0.742 if female) [19].

Imaging Diagnostics
Carotid artery measurements were performed using a
high-resolution ultrasound machine to assess atherosclerotic
indices, specifically intima-media thickness (IMT), on both
sides of the common carotid artery (CCA), carotid artery bulb,
internal carotid artery, and external carotid artery. The maximum
IMT in the CCA (IMT_cMax) was defined as the highest
measurable IMT in the scanned CCA regions, while the
maximum IMT (IMT_MAX) was the highest measurable IMT
across the entire scanned area, including the CCA, bulb, internal
carotid artery, and external carotid artery on both sides [20].

Atrial fibrillation was checked by standard 12-lead ECGs from
all participants and was determined by well-trained physicians
[18].

Lifestyle and Medical History
Smoking status and drinking statuses were categorized as
current, quit, or never. A questionnaire was used to ask
participants about their past and present history of CHD.

Sample Size
All available data were used, and no formal sample size
calculation was performed. The dataset included 7260
participants, among whom 305 had CHD, with 28 predictors
selected after the feature selection process used in the model.
Based on the events per predictor ratio, which is approximately
10.89 (305/28), the sample size is sufficient to ensure model
stability and reliability [21,22]. Therefore, this dataset is
adequate to answer the research questions.

Missing Data
Missing data analysis was conducted, and variables with more
than 30% missing values were excluded to enhance model
robustness. Missing data were imputed using Multivariate
Imputation by Chained Equations. See Multimedia Appendix
1 for details on the percentage of missing data for each variable
before imputation.

Statistical Analysis Methods

Descriptive Analysis
Continuous variables were summarized using means and SDs
for normally distributed data, or medians and IQR for
nonnormally distributed data. Categorical variables were
reported as frequencies and percentages. To compare differences
in patient characteristics based on CHD incidence (yes or no),
we used various statistical tests including 2-tailed Student t
tests, Mann Whitney U tests, or chi-square tests, as appropriate.

Feature Selection
Feature selection was conducted in a stepwise manner to ensure
that only the most relevant variables were included in the
predictive models. Initially, variables with more than 30%
missing data were excluded to avoid potential bias from
imputation. Following this, a correlation matrix was used to
identify and remove variables with high multicollinearity,
defined as having a correlation coefficient greater than 0.8. See
correlation coefficients heat map in the Multimedia Appendix
2 for details. The next step involved applying the least absolute
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shrinkage and selection operator regression. This technique
shrinks the coefficients of less significant predictors toward
zero, effectively removing them from the model, and was
performed using cross-validation to identify the most important
features based on the data. Finally, after statistical feature
selection, medical knowledge was applied to confirm the clinical
relevance of the remaining variables. Important predictors such
as age, glucose levels, HDL-c, and blood pressure were retained,
given their established association with CHD. The list of
variables (predictors) used for model development was described
in Multimedia Appendix 3.

Development of ML Models

Overview
The goal of this analysis was to predict the incidence of CHD
using ML models and examine the contribution of each risk
factor to the CHD incidence. A comprehensive process was
followed, which included descriptive analysis, feature selection,
model training, hyperparameter optimization, and interpretability
through Shapley Additive Explanation (SHAP) values.

To manage the imbalance between CHD and non-CHD cases,
we used down sampling on the majority class (non-CHD) to
create a balanced dataset. This approach helps to ensure that
the models do not disproportionately favor the majority class
during training, improving prediction performance on the
minority class.

The dataset was split into training (80%) and testing (20%) sets
while maintaining balanced target variable distributions across
both. Next, one-hot encoding was applied to convert categorical
variables into a binary format, and normalization was performed
to scale numerical features.

Several ML algorithms were implemented to compare their
predictive power. Logistic regression (LR) was used as a
baseline model, offering simplicity and interpretability [23].
Random forest (RF), an ensemble learning method, was used
due to its strength in handling high-dimensional data and
offering feature-importance insights [8,24]. Support vector
machines (SVMs) with radial basis kernels were used for their
effectiveness in nonlinear classification tasks [25,26]. Extreme
Gradient Boosting (XGBoost) is an ML algorithm that improves
model performance by using a series of decision trees, where
each tree corrects the mistakes of the previous one. This
sequential approach helps make predictions more accurate. Light
Gradient-Boosting Machine (LightGBM) is another efficient
algorithm that works similarly to XGBoost but is designed to
be faster and more scalable, especially when working with large
datasets and many features. Both algorithms are known for their
high performance in handling complex data and large-scale
problems [9,27].

Model Evaluation
We used 5-fold cross-validation during model training to ensure
robustness and mitigate overfitting. Hyperparameter
optimization was conducted using a grid search approach. The
model’s performance on the testing set was evaluated using 5
metrics: accuracy, sensitivity, specificity, precision, area under
the curve (AUC), and F1-score [15].

Calibration plots are used to evaluate the predictive accuracy
of ML models in estimating CHD incidence. Calibration
measures how closely the predicted absolute risk corresponds
to the observed (true) risk across groups of patients categorized
into different risk levels. The overall observed-to-expected (OE)
ratio is calculated by dividing the total observed events by the
total expected events for the entire population. For each decile,
the OE ratio is determined by dividing the observed events
within that decile by the expected events for the same decile.
An ideal model is represented by a straight line bisecting the
calibration plot, with an OE ratio of 1, indicating perfect
calibration. An OE ratio <1 suggests overprediction, while a
ratio >1 indicates underprediction [15].

Decision curve analysis (DCA) assesses the clinical use of ML
models for predicting CHD incidence. DCA uses net benefit as
a metric, reflecting the tradeoff between true-positive and
false-positive predictions for a specific strategy [15,28,29].

Model Interpretation
SHAP is a method used in ML to make the predictions of a
model more understandable. It helps explain how each input
feature (such as age, cholesterol levels, or blood pressure) affects
the model’s decision. Essentially, SHAP breaks down the
prediction to show how much each feature contributes to the
final result, allowing us to see which factors are most important
for predicting a condition like CHD [8-10,30]. SHAP summary
plots visualized the importance of key features, while SHAP
dependence plots highlighted the non-linear relationships
between features and CHD incidence.

Results

Study Participants’ Characteristics
In this study, 7260 participants were analyzed, of which 305
(4.2%) were diagnosed with CHD. The median age of
participants with CHD was 63 (IQR 56-71) years , which was
significantly older than that of those without CHD, whose
median age was 55 (IQR 44-65) years. CHD was more prevalent
in men (n=202, 66.2%) compared to women (n=103, 33.8%),
and this gender difference was statistically significant.

Several cardiovascular risk factors were also associated with
CHD. Participants with CHD had higher systolic and diastolic
blood pressures. The eGFR was lower in participants with CHD
compared to those without. The IMT of CCAs, IMT_cMax,
was also significantly higher in patients with CHD (1.10 mm
vs 1.00 mm; P<.001).

BMI and waist circumference were also higher in participants
with CHD, indicating a greater degree of obesity. Additionally,
lipid profiles showed significant differences, with lower HDL-c
levels and higher non-HDL-c and triglyceride levels in patients
with CHD.

Higher glucose levels and white blood cell counts were observed
in participants with CHD, along with elevated hemoglobin
levels. Regarding lifestyle factors, smoking was more common
in those with CHD, while drinking status did not differ
significantly between the 2 groups.
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Regarding lifestyle factors, current smoking was more prevalent
among participants with CHD (36.1% vs 29.0%; P<.001), while
drinking status did not significantly differ between the groups.

In terms of comorbidities, atrial fibrillation, hypertension,
diabetes mellitus, and dyslipidemia were all significantly more
common in participants with CHD, as outlined in Table 1.
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Table . Characteristics of study participants with and without CHDa incidence (Japanese participants aged 30‐84 years, Suita Study). CHD was
diagnosed by a first-ever acute myocardial infarction, sudden cardiac death within 24 hours of illness, or coronary artery disease followed by bypass or
angioplasty. Values are presented as mean (SD) for continuous variables with approximately normally distribution or by median (IQR) with skewed
distribution and n (%) for categorical variables. Differences in characteristics were evaluated by using the unpaired 2-tailed Student t test, Wilcoxon
rank sums test, or chi-square test.

P valueCHD

Yes (n=305)No (n=6955)

<.00163.0 (56.0-71.0)55.0 (44.0-65.0)Age (years), median (IQR)

<.001Sex, n (%)

202 (66.2)3147 (45.2)    Male

103 (33.8)3808 (54.8)    Female

<.001138 (125-153)123 (110-137)SBPb (mm Hg), median (IQR)

<.00183.0 (74.0-89.0)77.0 (70.0-85.0)DBPc (mm Hg), median (IQR)

<.0011.10 (1.00-1.30)1.00 (0.80-1.10)IMT_cMaxd (mm), median (IQR)

.01495.3 (63.3)104 (32.2)eGFRe (mL/min/1.73 m²), mean
(SD)

<.00123.3 (3.26)22.5 (3.10)BMI (kg/m²), mean (SD)

.1522.6 (7.06)23.2 (6.32)Body fat (%), mean (SD)

<.00183.0 (77.0-90.0)80.0 (73.0-86.0)Waist circumference (cm), median
(IQR)

<.00146.0 (38.0-56.0)53.0 (44.0-63.0)HDL-cf (mg/dL), median (IQR)

<.001172 (40.5)152 (36.9)non-HDL-c (mg/dL), mean (SD)

<.001121 (90.0-174)98.0 (70.0-143)Triglycerides (mg/dL), median
(IQR)

.619.34 (0.43)9.35 (0.46)Calcium (mg/dL), mean (SD)

<.001257 (242-276)251 (237-266)Fructosamine (μmol/L), median
(IQR)

<.001100 (93.0-109)95.0 (89.0-101)Glucose (mg/dL), median (IQR)

<.0015.65 (4.81-6.78)5.33 (4.48-6.36)WBCg count (/mm³), median (IQR)

.0084.60 (0.46)4.53 (0.44)RBCh count (10³/mm³), mean (SD)

<.001Smoking status, n (%)

110 (36.1)2019 (29)    Current

79 (25.9)1091 (15.7)    Past

116 (38)3845 (55.3)    Never

.27Drinking status, n (%)

152 (49.8)3613 (51.9)    Current

11 (3.61)156 (2.24)    Past

142 (46.6)3186 (45.8)    Never

<.00120 (6.56)123 (1.77)Atrial fibrillation, n (%)

<.001172 (56.4)2056 (29.6)Hypertension, n (%)

<.00149 (16.1)426 (6.13)Diabetes mellitus, n (%)

<.001265 (86.9)5280 (75.9)Dyslipidemia, n (%)

aCHD: coronary heart disease.
bSBP: systolic blood pressure.
cDBP: diastolic blood pressure.
dIMT_cMax: maximum intima-media thickness of common carotid arteries.
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eeGFR: estimated glomerular filtration rate.
fHDL-c: high-density lipoprotein cholesterol.
gWBC: white blood cell.
hRBC: red blood cell.

Model Performance
The performance metrics of the 5 ML models used in our CHD
prediction study provide valuable insights into their
effectiveness, as shown in Table 2.

Table . Performance metrics and 95% CIs for machine learning models predicting CHDa incidence (Japanese participants, aged 30‐84 years, Suita
Study).

F1-scoreAUCbPrecisionSpecificitySensitivityAccuracyModel

0.64 (0.52‐0.73)0.66 (0.57‐0.75)0.69 (0.55‐0.81)0.74 (0.62‐0.84)0.59 (0.46‐0.71)0.66 (0.58‐0.75)LRc

0.73 (0.64‐0.82)0.73 (0.65‐0.80)0.73 (0.61‐0.84)0.72 (0.61‐0.83)0.74 (0.62‐0.84)0.73 (0.64‐0.80)RFd

0.71 (0.61‐0.80)0.71 (0.63‐0.79)0.72 (0.60‐0.84)0.72 (0.62‐0.83)0.70 (0.59‐0.81)0.71 (0.62‐0.80)SVMe

0.73 (0.63‐0.81)0.72 (0.64‐0.80)0.71 (0.60‐0.82)0.70 (0.58‐0.82)0.74 (0.63‐0.84)0.72 (0.64‐0.80)XGBoostf

0.67 (0.58‐0.74)0.5 (0.49‐0.57)0.50 (0.41‐0.59)0.00 (0.00‐0.00)1.00 (1.00‐1.00)0.50 (0.43‐0.58)LightGBMg

aCHD: coronary heart disease.
bAUC: area under the curve.
cLR: logistic regression.
dRF: random forest.
eSVM: support vector machine.
fXGBoost: Extreme Gradient Boosting.
gLightGBM: Light Gradient-Boosting Machine.

RF emerged as the strongest model for CHD prediction in this
study, achieving the highest overall performance with an
accuracy of 0.73 (95% CI 0.64‐0.80), sensitivity of 0.74 (95%
CI 0.62‐0.84), specificity of 0.72 (95% CI 0.61‐0.83), and
an AUC of 0.73 (95% CI 0.65‐0.80). These results highlight
its balanced ability to identify both CHD and non-CHD cases
effectively. In comparison, XGBoost delivered robust, yet
slightly inferior, results with an accuracy of 0.72 (95% CI
0.64‐0.80), sensitivity of 0.74 (95% CI 0.63‐0.84), specificity
of 0.70 (95% CI 0.58‐0.82), an AUC of 0.72 (95% CI
0.64‐0.80), and an F1-score of 0.73 (95% CI 0.63‐0.81).
SVM demonstrated competitive performance, achieving an
AUC of 0.71 (95% CI 0.63‐0.79), but ranked slightly behind
RF and XGBoost. In contrast, LightGBM, despite its perfect
sensitivity of 1.00 (95% CI 1.00‐1.00), showed a specificity

of 0.00 (95% CI 0.00‐0.00) and an AUC of 0.50 (95% CI
0.49‐0.57), rendering it unsuitable for this task. LR, while
serving as a baseline model, exhibited moderate performance
with an accuracy of 0.66 (95% CI 0.58‐0.75), sensitivity of
0.59 (95% CI 0.46‐0.71), specificity of 0.74 (95% CI
0.62‐0.84), and an AUC of 0.66 (95% CI 0.57‐0.75), but
lacked the sensitivity required for effective CHD prediction.

The calibration curves for the 5 models (Figure 1) and the OE
ratios by decile (Figure 2) provide critical insights into their
predictive reliability. Among the models, RF demonstrated
excellent calibration, with predicted probabilities closely
aligning with observed outcomes across all deciles. This strong
calibration is complemented by its performance in DCA (Figure
3).

JMIR Cardio 2025 | vol. 9 | e68066 | p.535https://cardio.jmir.org/2025/1/e68066
(page number not for citation purposes)

Vu et alJMIR CARDIO

XSL•FO
RenderX

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


Figure 1. Calibration plots for machine learning models predicting CHD incidence (Japanese participants, aged 30‐84 years, Suita Study). CHD:
coronary heart disease; LightGBM: Light Gradient-Boosting Machine; XGBoost: Extreme Gradient Boosting.

Figure 2. Calibration plots displaying observed-to-expected ratios for each decile of predicted CHD incidence risk (Japanese participants, aged 30‐84
years, Suita Study). CHD: coronary heart disease; LightGBM: Light Gradient-Boosting Machine; SVM: support vector machine; XGBoost: Extreme
Gradient Boosting.
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Figure 3. Decision curve analysis comparing machine learning models for predicting CHD incidence (Japanese participants, aged 30‐84 years, Suita
Study). CHD: coronary heart disease; LightGBM: Light Gradient-Boosting Machine; XGBoost: Extreme Gradient Boosting.

In terms of clinical use, as illustrated in Figure 3, all models
exhibit a similar positive net benefit when the threshold is below
0.5, meaning that using the predictive models is better than not
using any model (treat none). However, when the threshold
exceeds 0.5, the models tend to decline rapidly, with LR and
XGBoost showing the most pronounced decrease, declining
earlier compared to the other models.

Based on the performance metrics, RF emerges as the best model
for CHD prediction in this study due to its highest overall
accuracy, balanced sensitivity and specificity, strong AUC,
excellent calibration, and robust clinical use across various
threshold probabilities.

Model Interpretation
In Figure 4, the bar plot on the left ranks the top features
contributing to CHD prediction, with IMT_cMax identified as
the most influential variable, followed by systolic blood pressure
(SBP), HDL-c, non-HDL-c, and eGFR. This ranking emphasizes
the significance of arterial health, blood pressure regulation,
lipid levels, and kidney function in assessing CHD risk. The
SHAP summary heat plot on the right provides a detailed
visualization of how each feature influences individual model
predictions. It shows that higher values of IMT_cMax,
non-HDL-c, and blood pressure are positively associated with
an increased likelihood of CHD, whereas lower levels of
protective factors like HDL-c and eGFR are associated with a

higher risk of CHD. Other important variables, such as age,
glucose levels, and triglycerides, also contribute significantly,
with older age and impaired glucose regulation being linked to
a higher CHD risk. Additionally, markers of inflammation like
white blood cell count and other factors such as calcium levels,
sex, body fat, and BMI play roles in determining CHD risk.

Figure 5 consists of several SHAP dependency plots that
illustrate the relationship between each key variable and CHD
risk in more detail. For IMT_cMax, there is a positive
association with CHD risk, showing that as the thickness of the
carotid artery increases, so does the risk of CHD. The eGFR
plot shows that lower eGFR values are associated with a higher
risk of CHD, while higher eGFR values are associated with a
lower risk, indicating the crucial role of kidney function in
cardiovascular health. Non-HDL-c shows a generally positive
association with CHD, where higher levels correspond to a
higher risk. For SBP, the risk of CHD increases sharply with
rising SBP values. HDL-c is inversely related to CHD risk,
indicating its protective role, while higher triglycerides (TG)
are linked to increased risk, especially at moderate levels. Age
and glucose levels show a direct relationship with CHD risk,
whereas older age and higher glucose levels are associated with
increased risk. The SHAP value for diastolic blood pressure
(DBP) also shows a positive relationship, suggesting that higher
DBP levels contribute to the increased risk of CHD.
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Figure 4. Contribution of variables to CHD incidence prediction using SHAP values (Japanese participants, aged 30‐84 years, Suita Study). (A) The
bar plot shows each variable’s contribution to CHD, with bar length indicating the contribution extent. (B) The heat plot of SHAP values illustrates the
relationships between variables and CHD. Purple signifies a positive relationship and yellow a negative one. Each point represents a participant, with
the x-axis showing SHAP values and the y-axis indicating variable importance. bf: body fat; Ca: calcium; CHD: coronary heart disease; DBP: diastolic
blood pressure; eGFR: estimated glomerular filtration rate; Frct: Fructosamine; Hb: hemoglobin; htn: hypertension; IMT_cMax: maximum intima-media
thickness of common carotid arteries; HDL-c: high-density lipoprotein cholesterol; SBP: systolic blood pressure; smk_sts: smoking status; TG:
triglycerides; WBC: white blood cell; wt20: weight at age of 20 years.
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Figure 5. SHAP dependency plots showing the relationship between key variables and CHD risk (Japanese participants, aged 30‐84 years, Suita
Study). CHD: coronary heart disease; DBP: diastolic blood pressure; eGFR: estimated glomerular filtration rate; IMT_cMax: maximum intima-media
thickness of common carotid arteries; HDL-c: high-density lipoprotein cholesterol; SBP: systolic blood pressure; SHAP: Shapley Additive Explanation;
TG: triglycerides.

Discussion

Principal Findings
This study provides a comprehensive evaluation of the role of
ML in predicting CHD. Among a cohort of 7260 participants,
305 were diagnosed with CHD. The analysis not only validated
several well-established cardiovascular and metabolic risk
factors but also identified novel predictors of CHD. Importantly,
the findings underscore the use of ML models and the SHAP
method in elucidating key contributors to CHD risk, with RF
demonstrating superior performance, excelling in both
discrimination and calibration for CHD prediction.

Comparison With Prior Work

Arterial Health
Carotid IMT emerged as the strongest predictor of CHD in our
study. IMT_cMax, which measures the thickness of the CCAs,
is a well-established indicator of atherosclerosis and future
cardiovascular events, including MI and stroke [31,32]. Multiple
studies support this, showing that even a small increase in IMT
correlates with a significantly elevated risk of acute MI and
stroke. For instance, in the Atherosclerosis Risk in Communities

study, a 0.1 mm increase in IMT corresponded to a 50% increase
in CHD risk [20,31]. Therefore, measuring IMT through
noninvasive techniques like ultrasound has important clinical
applications in evaluating subclinical atherosclerosis and
assessing CHD risk. Given that many coronary artery
assessments are invasive, the use of ultrasound to measure
carotid artery IMT offers a valuable alternative for early
detection and risk stratification.

Blood Pressure, Lipid Profiles, and Glucose
SBP and hypertension were among the most critical predictors
of CHD, aligning with the well-established association between
elevated blood pressure and cardiovascular risk [33,34]. Both
SBP and diastolic blood pressure were prominent, emphasizing
the need for effective blood pressure management in reducing
CHD risk [33,35].

Furthermore, non-HDL-c and triglycerides were strongly
associated with CHD, confirming the importance of lipid
management in cardiovascular health [36-39]. Glucose levels
were also significant, suggesting that monitoring glucose
metabolism is essential in cardiovascular risk management
[40-42].
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Renal Function and Metabolic Factors
The role of eGFR as a key predictor highlights the connection
between renal function and CHD [43]. Impaired kidney function
has been increasingly recognized as a cardiovascular risk factor,
particularly due to its association with hypertension and
dyslipidemia [44,45]. The results support incorporating kidney
function markers in future CHD risk assessments. In addition,
metabolic markers and body fat percentage were identified as
important predictors, signaling the impact of obesity-related
factors on cardiovascular health. These findings suggest that
obesity-related measures beyond BMI should be considered in
CHD risk assessments.

Sex
The sex-specific analysis highlighted the protective effect of
being female, consistent with existing research showing that
premenopausal women are generally at a lower risk of
developing CHD due to protective hormonal factors [46,47].
These findings suggest the need for sex-specific strategies in
managing CHD risk.

Potential Risk Factors
One of the strengths of this study is its ability to uncover novel
predictors, such as white blood cell count, which serves as a
marker of systemic inflammation. Inflammation is increasingly
recognized as a key player in the development of atherosclerosis
and cardiovascular events. Additionally, lower calcium levels
were associated with a higher risk of CHD, highlighting the

importance of mineral balance in cardiovascular health.
Furthermore, body fat percentage and BMI were highlighted as
significant predictors of CHD, further emphasizing the need for
a comprehensive evaluation of obesity-related metrics in
cardiovascular risk assessments. These novel insights could
lead to more personalized prevention strategies for individuals
who may not exhibit classic cardiovascular risk profiles.

Limitations
Despite the promising results, several limitations of the study
need to be considered. First, the quality of the data, particularly
with respect to missing values, poses a challenge. Although
feature selection techniques, such as least absolute shrinkage
and selection operator regression and SHAP analysis, were used
to mitigate this, the impact of missing data remains a potential
limitation. Second, the generalizability of the findings is limited
because the study relies on a specific population. The results
may not fully apply to populations with different demographic
and clinical characteristics. To address this, future research
should focus on evaluating these ML models in real-world
clinical settings, where variability in clinical practice, missing
data, and other factors may affect model performance.

Conclusions
This study demonstrates the potential of ML in predicting CHD.
The SHAP method enhances the interpretability of the prediction
model, aiding health care professionals in clinical practice by
supporting effective risk management and intervention
strategies.
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Abstract

Background: Clinical guidelines recommend high-intensity statin therapy for patients with acute coronary syndrome (ACS).
However, high-intensity statins have been underused in this population.

Objective: The objective of this study was to evaluate the feasibility of a pharmacist-initiated, team-based intervention for the
delivery of individualized, guideline-directed, lipid-lowering therapy for patients with ACS.

Methods: Patients admitted with ACS to cardiology hospital services at Mayo Clinic from August 1, 2021, to June 19, 2022,
were assigned to a pharmacist-initiated, team-based intervention group or control group using a stepped wedge cluster study
design. For the intervention group, pharmacists reviewed electronic health records and provided recommendations for lipid
lowering therapy in hospital and at follow-up. In the control group, patients received usual care. Neither care team, nor study
team were blinded to study assignments. The primary outcome was the proportion of patients with ACS discharged on high-intensity
statins in the intervention group compared to controls. Secondary outcomes were (1) proportion of patients in the intervention
group with a specific templated pharmacist intervention note in their electronic health records, (2) frequency of low-density
lipoprotein (LDL) measurements in hospital, (3) proportion of patients with information related to lipid follow-up in their discharge
summary, and (4) proportion of patients that received LDL monitoring at the outpatient follow-up 4 to 12 weeks post discharge.

Results: There were 410 patients included in this study (median age 68, IQR 60-78 years) of whom 285 (69.5%) were male.
Of the 402 patients alive at discharge, 355 (88.3%) were discharged taking a high-intensity statin, with no significant difference
(P=.89) observed between groups. Lipid levels were measured in the hospital for 176/210 (83.8%) patients in the intervention
group and 155/200 (77.5%) patients in the control group (P=.14). Fifty-four of 205 (26.3%) intervention patients alive at discharge
had lipid-related recommendations in their discharge summary compared to 27/197 (13.7%) controls (P=.002). Forty-seven of
81 (58%) patients with lipid management recommendations provided in the discharge summary had LDL measured in the follow-up
period compared with only 119/321 (37.1%) patients without these recommendations (P=.001). Of the 402 patients who survived
to discharge, 166 (41.3%) had LDL measured at follow-up; the median LDL level was 63.5 (IQR 49-79) mg/dL, and distributions
were similar by group (P=.95). Only 101/166 (60.8%) patients had follow-up LDL values below the target of 70 mg/dL.

Conclusions: During hospitalization, there was no group difference in the primary outcome of high-intensity statin therapy.
Feasibility of an effective pharmacist-initiated intervention for improvement of lipid management was demonstrated by entry of
recommendations in the discharge summary and related adjustment in outpatient statin therapy. The main opportunity for future
improvement in lipid management of patients with ACS is in longitudinal patient follow-up.

(JMIR Cardio 2025;9:e58837)   doi:10.2196/58837
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Introduction

Acute coronary syndrome (ACS) includes non–ST-segment
elevation myocardial infarction, ST-segment elevation
myocardial infarction, and unstable angina [1-3]. Current
estimates show approximately 605,000 new and 200,000
recurrent infarctions each year in the United States [4]. In 2020,
there were 577,275 hospital discharges for ACS diagnosis [4].
Data from a Swedish registry revealed that approximately 20%
of 97,254 patients who survived a myocardial infarction
experienced another ischemic cardiac event within 24 months
[5]. The 5-year mortality for ACS from large United Kingdom
and Belgian studies ranged from 19% to 22% [6,7].

High-intensity statin therapy in the setting of ACS yields
significant mortality benefit [8,9]. Hence, clinical practice
guidelines recommend statin therapy for all patients with ACS
[10,11]. In addition to decreasing low-density lipoprotein (LDL)
levels, statins also promote improvement of endothelial function,
decrease of platelet aggregation, and reduction of vascular
inflammation [12]. LDL levels are used to monitor the intensity
of therapy [13-15]. Guideline-directed therapies, including
statins have been underused by patients with ACS [16]. For
example, in a large cohort of 690,524 patients with recent ACS,
less than half were on any statin therapy, and of those, only
20% were on high-intensity statins [17]. Another study which
included 7802 patients with ACS showed that only one-third
were prescribed a high-intensity statin at index hospitalization,
and of those, only half were on such therapy at 1 year of
follow-up [18].

Prior studies have demonstrated improved use of
guideline-directed medical therapy by using team-based care
delivery models. One prior study achieved sustained decreases
in LDL levels to a specified target when pharmacists managed
therapy for patients with coronary heart disease in the outpatient
setting [19]. Another study showed that a pharmacist-initiated,
team-based intervention with admission and predischarge
medication reconciliation resulted in better adherence to
guideline-directed therapy and reduced readmissions for heart
failure [20]. The need to develop care delivery models to
promote improved achievement of LDL targeted therapy is

further supported by the work of Basaran et al [21] who analyzed
data from 873 patients with diabetes from the EHPESUS registry
which revealed that only 19.5% of the primary prevention and
7.5% of the secondary prevention groups were at LDL goal.

We hypothesize that a team-based inpatient care delivery model
with processes that promote use of guideline-directed medical
therapy for lipid management may improve outcomes for
patients with ACS. An important unmet need exists to optimize
lipid-lowering therapy for patients with ACS. Accordingly, the
aim of this pilot study was to evaluate the feasibility of a
pharmacist-initiated, team-based inpatient intervention for
delivery of individualized, guideline-directed, lipid-lowering
therapy recommendations for patients with ACS and to collect
preliminary data on effectiveness.

Methods

Recruitment
This study was performed from August 1, 2021, to June 19,
2022, in 6 cardiology hospital services which admit patients
with suspected ACS at Mayo Clinic in Rochester, Minnesota.
Patients were included if they had a new diagnosis of ACS, that
is, non–ST-segment elevation myocardial infarction, ST-segment
elevation myocardial infarction, or unstable angina. Inclusion
criteria remained consistent throughout the entire trial.

Study Design

Overview
All patients admitted with ACS to cardiology were assigned to
the control group (usual care) during the first 2 months of the
project. At the beginning of month 3, the cardiology services
began crossing over to the intervention group following a
stepped wedge design [22] (Figure 1). Hence, each service had
exposure to control status and intervention status over this
study’s period in longitudinal fashion. Each cluster of patients
was unique in that patients with repeat admissions were excluded
from this study at subsequent admissions. Neither the care team
nor this study’s team were blinded to the intervention status of
patients.
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Figure 1. Stepped wedge cluster allocation of patients.

Baseline characteristics were collected for all patients enrolled.
Data collection occurred via electronic health record (EHR)
review after hospital admission with further completion of the
datasets throughout this study’s period. Statin therapy was
defined as low-intensity (pravastatin, 10 and 20 mg; simvastatin,
10 mg), moderate-intensity (atorvastatin, 10 and 20 mg;
pravastatin, 40 and 80 mg; rosuvastatin, 5 and 10 mg; and
simvastatin 20‐40 mg), or high-intensity (atorvastatin, 40 and
80 mg; rosuvastatin, 20 and 40 mg). Sample size calculations
were not performed. The intent was to collect data for 8 months
based on project timeline and resource allocation.

Control Group
Patients in the control group received standard care for ACS,
which included high-intensity statin therapy as recommended
by clinical practice guidelines [10,11]. Each cardiology team
was comprised of internal medicine residents and advanced
practice providers (nurse practitioners or physician assistants)
supervised by cardiologists. These teams collaborated with
cardiology pharmacists who provided guidance about lipid
therapy. All cardiology hospital pharmacists rotate covering
each of the 6 services based on pre-established staffing
schedules. The pharmacists were responsible for reviewing the
patients’ EHR daily, completing admission and discharge
medication reconciliation, and entering recommendations. The
pharmacists also rounded with hospital services to collaborate
with the team regarding medication management.

Pharmacist-Initiated, Team-Based Intervention
The primary objective of the pharmacist-initiated, team-based
intervention was to ensure initiation or continuation of
high-intensity statins, and the addition of ezetimibe if patients
already taking a high-intensity statin had LDL level greater than

70 mg/dL on either most recent outpatient testing or in-hospital
testing.

The cardiology pharmacist group consisted of 9 pharmacists
who received training and instructions regarding implementation
of the intervention in the form of presentations at staff meetings
and written documents shared via emails describing project
goals and pharmacist roles. At the beginning of each hospital
service the cardiologists and team members entering the
intervention phase received an email from this study’s team
describing the project.

After patients with ACS were admitted to the hospital, the
pharmacists reviewed the EHR and interviewed each patient to
gather information about adverse effects to statins and evaluate
preadmission LDL levels from the EHR. Subsequently,
contraindications to statins and adverse effects were documented
in the pharmacist EHR note. If a lipid panel was not available
from the prior 6 months, the pharmacists recommended checking
a lipid panel to the cardiology team. After reviewing lipid levels,
the pharmacists provided specific recommendations for the
cardiology team members via EHR text messages and verbal
communication.

The pharmacist recommendation algorithm is summarized in
Figure 2. If the patient had an LDL<70 mg/dL and was on
high-intensity statin, this medication was continued without
change; if the LDL was >70 mg/dL while on a high-intensity
statin the options were to increase statin dose or add ezetimibe.
If the patient was not on a statin or was taking a
moderate-intensity statin therapy, the moderate-intensity statin
was discontinued and replaced by a high-intensity statin
irrespective of LDL level. If the patient reported prior statin
intolerance management options included (1) initiation of
low-dose rosuvastatin 5 mg once or twice a week, (2) initiation
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of ezetimibe only, or (3) patient referral for lipid clinic
consultation at the lipid clinic. Each of these processes involved

patient-centered shared decision-making for the selection of
management strategy.

Figure 2. Pharmacist recommendation algorithm. LDL: low-density lipoprotein; PCSK9: proprotein convertase subtilisin/kexin type 9.

The pharmacists documented results of their review and
recommendations in specially formatted pharmacist intervention
notes. These notes recommended lipid testing within 4 to 12
weeks after discharge and treatment modifications if LDL
remained greater than 70 mg/dL. Pharmacists requested that
cardiology team members include these recommendations in
discharge summaries sent to the primary care provider via the
EHR. Fidelity with the intervention was evaluated by the
presence and content of a templated pharmacist intervention
note documented in the EHR.

The pharmacist notes advised repeat lipid measurements at 4
to 12 weeks after hospital discharge, as recommended by the
guidelines [10]. However, very few patients underwent testing
within 12 weeks. Therefore, the data collection interval was
extended to 6 months post hospital discharge. The low frequency
of testing by 12 weeks was likely related to clinical decisions
and appointment availability in the outpatient clinics. The
research team had no influence on scheduling of follow-up
appointments.

Follow-up outcomes were obtained by manual review of the
EHR within 6 months of hospital discharge. Variables obtained
at follow-up were LDL results, test date, and adjustments in
lipid therapy made at follow-up. A REDCap (Research
Electronic Data Capture, Vanderbilt University 2022) database
and Microsoft Excel (Microsoft Corp) were used for data entry
and storage.

Outcomes
The primary outcome was the proportion of patients with ACS
discharged on high-intensity statins in the intervention group
compared to the control group. Secondary outcomes were (1)

proportion of patients in the intervention group with the specific
templated pharmacist intervention note in the EHR, (2)
frequency of LDL measurements in the hospital, (3) proportion
of patients with information related to lipid follow-up in their
discharge summary, and (4) proportion of patients that received
LDL monitoring at outpatient follow-up 4 to 12 weeks post
discharge.

Statistical Methods
Baseline demographic characteristics of the patients were
summarized as median (IQR) for continuous and count
(proportion expressed as percentage) for categorical variables.
Baseline comparisons of continuous variables between groups
were made with the Wilcoxon rank-sum test, and comparisons
of categorical variables were made with the chi-square or Fisher
exact tests.

Preadmission and in-hospital LDL levels were compared by a

paired t test (2-tailed). The χ2 test was used to assess impact of
the intervention on the number of patients who had lipid levels
measured during hospitalization and the percentage of patients
discharged on high-intensity statin therapy. The effect of the
intervention on changes made in lipid-lowering therapy from
admission to discharge was assessed using a
Cochran-Mantel-Haenszel test. Overall rates of admission
without lipid therapy compared to discharge without lipid
therapy were evaluated by the McNemar test. LDL levels at
follow-up were compared by group with the unpaired t test.

Other follow-up outcome comparisons were made using the χ2

test.

JMIR Cardio 2025 | vol. 9 | e58837 | p.547https://cardio.jmir.org/2025/1/e58837
(page number not for citation purposes)

Flo et alJMIR CARDIO

XSL•FO
RenderX

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


A stepped wedge cluster design [22] was used for subject
allocation, with the cardiology services as clusters (Figure 1).
We evaluated the effects of admission period and cardiology
service (rows and columns of Figure 1, respectively) on the
outcome variables of interest and found that the results are not
likely confounded by these factors. This evaluation was initially
performed visually. Subsequently variables were added as
covariates in the regression models. No significance or
discernable patterns were found; therefore, only the simplified
(unadjusted) results are presented herein. For continuous
variables, 95% CIs were computed using the normal
approximation, and the CIs for binomial proportions were
computed by the Wilson score method [23].

Both intent-to-treat (intended participant assignment based on
stepped wedge design) and subgroup (intervention received vs
all controls) analyses were conducted for groupwise differences,
including when comparing rates of lipid measurements in
hospital and rates of discharge on high-intensity statins.
Analyses evaluating discharge and follow-up outcomes excluded
patients who died during hospitalization. A 2-sided P value of
<.05 was considered statistically significant. All statistical
analyses were conducted using R (version 4.1.2 software; R
Core Team, R Foundation).

Ethical Considerations
This quality improvement study was approved by the Mayo
Clinic Institutional Review Board (file 21‐009289). All

patients agreed to have their medical records used for research,
and the institutional review board waived the need for informed
consent. Subject data were deidentified in all analysis files and
have been password protected within the institutional fire walls.
No compensation was provided to study participants.

Results

Cohort Characteristics and Intervention Delivery
A total of 410 patients admitted with ACS were included in this
study. Of these, 200 patients were assigned to the control group
and 210 to the intervention group (Table 1). Most patients were
men (285/410, 69.5%), and the overall median age at admission
was 68 (IQR 60-78) years. Patients in the intervention group
were slightly older than those in the control group. The most
frequent ACS diagnosis was non–ST-segment elevation
myocardial infarction. Unstable angina represented a greater
proportion of ACS diagnoses in the intervention group than the
control group. Statin use at admission was similar across this
study’s groups, and almost half of patients were not taking statin
medications at hospital admission. The pharmacists determined
that 21/410 (5.1%) patients were not taking statin therapy due
to prior intolerance, 120/410 (29.3%) patients were not taking
statins because therapy had not been recommended, and 27/410
(6.6%) patients had previously declined statin therapy.
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Table . Clinical characteristics of the cohort.

P valueIntervention group
(n=210)

Control group (n=200)Characteristic

.02a71 (61‐79.8)66.5 (59‐77)Age (years), median (IQR)

Sex, n (%)

.66b148 (70.5)137 (68.5)    Male

62 (29.5)63 (31.5)    Female

.003bAdmitting ACSc diagnosis, n (%)

58 (27.6)56 (28)    STEMId

137 (65.2)141 (70.5)    NSTEMIe

15 (7.1)1 (0.5)    Unstable angina

0 (0)2 (1)    Other (troponin elevation)

.51bAdmission therapy, n (%)

65 (31)56 (28)    High-intensity statinf

46 (21.9)52 (26)    Moderate-intensity statin

5 (2.4)8 (4)    Low-intensity statin

7 (3.3)3 (1.5)    Nonstatin therapies

87 (41.4)81 (40.5)    No lipid-lowering therapy

.70a93.5 (63‐130)93 (60‐127.5)Inpatient LDLg level (mg/dL), median (IQR)

3445    Missing, n

.02a149 (105.5‐215.5)126 (90‐183.8)Preadmission triglyceride level (mg/dL), median (IQR; within 6 mo)

5974    Missing, n

.45b180 (85.7)173 (88.3)Prior diagnosis of hyperlipidemia, n (%)

04    Missing, n

.004b104 (58.4)72 (42.9)Prior diagnosis of hypertriglyceridemia, n (%)

3232    Missing, n

.44b79 (38)83 (41.7)Prior diagnosis of diabetes, n (%)

21    Missing, n

.68b147 (70.7)145 (72.5)Prior diagnosis of hypertension, n (%)

20    Missing, n

.96a4 (2‐9)3.5 (2‐10)Length of hospital stay (days), median (IQR)

.73h5 (2.4)3 (1.7)In-hospital deaths, n (%)

319    Missing, n

.04a55 (44‐61)52 (38.8‐60)Left ventricular ejection fraction, median (IQR)

44    Missing, n

Comorbidities, n (%)

.23b27 (13.3)34 (17.7)    Prior myocardial infarction

78        Missing, n

.15b23 (11.2)14 (7.1)    Prior CABGi

53        Missing, n

.22b54 (26.1)63 (31.7)    Prior PCIj
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P valueIntervention group
(n=210)

Control group (n=200)Characteristic

31        Missing, n

.22b35 (16.7)43 (21.5)    Prior diagnosis of heart failure

10        Missing, n

.21b26 (12.4)17 (8.6)    Prior diagnosis of peripheral artery disease

12        Missing, n

.64b14 (6.7)11 (5.6)    Prior ischemic stroke

02        Missing, n

aWilcoxon rank-sum test.
bPearson chi-square test.
cACS: acute coronary syndrome.
dSTEMI: ST-segment elevation myocardial infarction.
eNSTEMI: non–ST-segment elevation myocardial infarction.
fSee methods section for definitions of statin intensity.
gLDL: low-density lipoprotein.
hFisher exact test.
iCABG: coronary artery bypass grafting.
jPCI: percutaneous coronary intervention.

Preadmission LDL test results were available for 272/410
(66.3%) participants. The median preadmission LDL was 93
(IQR 63-134) mg/dL and did not differ significantly between
groups. The distribution of hyperlipidemia, hypertension, and
diabetes was also similar. However, patients in the intervention
group were more likely to have prior diagnosis of elevated
triglycerides and slightly higher levels of preadmission
triglycerides.

The median length of hospitalization was 4 (IQR 2-9) days,
which was similar across this study’s groups. During
hospitalization, 8 patients died, and the distribution of deaths
was similar across study groups. Deaths were attributed to
complications of acute myocardial infarction, including
cardiogenic shock, respiratory failure from volume overload,
or multisystem organ failure from persistent hypotension. The
distribution was similar across this study’s groups for left
ventricular ejection fraction, prior myocardial infarction, history
of coronary artery bypass grafting, percutaneous coronary
intervention, peripheral arterial disease, and ischemic stroke.

To assign recommendations, the pharmacists categorized
patients into the following groups: taking a high-intensity statin,
had a recent LDL less than 70 mg/dL; taking a high-intensity
statin, had a recent LDL more than 70 mg/dL; taking a
high-intensity statin, no evidence of a recent LDL measurement;
taking low- to moderate-intensity statin therapy; taking
lipid-lowering therapy other than a statin; and not taking lipid
lowering therapy. Table 2 shows prehospital statin dosing
cross-referenced with LDL values. The proportion of patients
in these subgroups was not significantly different (P=.49).

Among the 402 patients alive at hospital discharge, the
proportion of patients taking a high-intensity statin increased
significantly (P<.001) compared with admission proportions
(121/402, 30.1% to 355/402, 88.3%) including 182/205 (88.8%,
95% CI 83.4%‐92.6%) intervention participants (intent-to-treat
group) and 173/197 (87.8%, 95% CI 82.2%‐91.9%) control
participants (P=.89; Table 3). When the subgroup that received
the intervention (n=100) was compared to all controls, the
findings were similar.

Table . Prehospital statin therapy and low-density lipoprotein (LDL) levels of patients taking lipid-lowering therapy.a

Intervention group (n=210), n (%)Control group (n=200), n (%)Admission therapy and prehospital LDL level

23 (11)26 (13)HISb with LDL≤70 mg/dL

29 (13.8)20 (10)HIS with LDL>70 mg/dL

13 (6.2)10 (5)HIS with no recent LDL measurement

51 (24.3)60 (30)Low- to moderate-intensity statin

7 (3.3)3 (1.5)Nonstatin therapy

87 (41.4)81 (40.5)No lipid therapy

aThe difference between groups was not statistically significant (P=.49).
bHIS: high-intensity statin.
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Table . Admission and discharge medications among nondeceased patients.

Intervention group (n=205), n (%)Control group (n=197), n (%)Treatment

Admission therapy

85 (41.5)80 (40.6)    No lipid therapy

6 (2.9)3 (1.5)    Nonstatin

5 (2.4)8 (4.1)    Low-intensity statin

44 (21.5)50 (25.4)    Moderate-intensity statin

65 (31.7)56 (28.4)    High-intensity statin

Discharge therapy

4 (2)4 (2)    No lipid therapy

4 (2)4 (2)    Nonstatin

3 (1.5)0 (0)    Low-intensity statin

12 (5.9)16 (8.1)    Moderate-intensity statin

182 (88.8)173 (87.8)    High-intensity statin

Importantly, among patients admitted who were not receiving
lipid lowering therapy, most (146/165, 88.5%) were taking a
statin at discharge, and almost all patients taking a high-intensity
statin at admission were taking a high-intensity statin at
discharge (120/121, 99.2%). Eight patients were discharged
without lipid therapy for the following reasons: 1 patient
reported statin intolerance and recommendations were made to
consider outpatient PCSK9 (proprotein convertase
subtilisin/kexin type 9) inhibitor therapy; 1 patient had a
non-ACS diagnosis at discharge, and statin therapy was
appropriately withheld; 1 patient had an extremely low LDL

level and preferred not to take a statin at hospital discharge; and
5 patients were discharged to hospice care and given comfort
care.

The intervention was implemented for only 100/210 (47.6%)
patients allocated to the intervention group, as indicated by
inclusion of the templated pharmacist intervention note. Of
these patients, 2 died in the hospital and 8 had recommendations
coded as “other.” The pharmacist recommendations were
followed (measured by the discharge medication) for 85 of the
remaining 90 patients (94.4%, 95% CI 86.9%‐97.9%). See
Table 4 for additional details.
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Table . Pharmacist recommendations and inpatient low-density lipoprotein (LDL) measurement.

P valueaIntervention group

(n=210), n (%)

Control group

(n=200), n (%)

Type of delivery recommendation

<.001Type of pharmacist EHRb note

9 (4.3)0 (0)Intervention and routine notes

91 (43.3)3 (1.5)Intervention note only

62 (29.5)114 (57)No note or note without lipid thera-
py recommendation

48 (22.9)83 (41.5)Routine notes only

Intervention assigned and received

100 (47.6)N/AcYes

<.001Pharmacist recommendation

19 (9)16 (8)Continue current statin

5 (2.4)2 (1)Continue high-intensity statin, add
ezetimibe

2 (1)2 (1)Change from admission high-inten-
sity statin to alternative high-intensi-
ty statin

12 (5.7)6 (3)Recommend increase in high-inten-
sity statin dose

1 (0.5)2 (1)Begin low- to moderate-intensity
statin

61 (29)25 (12.5)Begin high-intensity statin

0 (0)3 (1.5)Begin high-intensity statin and eze-
timibe

30 (14.3)24 (12)Change from low- to moderate-inten-
sity statin to a high-intensity statin

62 (29.5)114 (57)No note or note without recommen-
dation

18 (8.6)6 (3)Otherd

.14176 (83.8)155 (77.5)Inpatient LDL measured

aPearson chi-square test.
bEHR: electronic health record.
cN/A: not applicable.
dOther recommendations included alternative dosing and or drug due to past statin intolerance (12 patients), recommendation to start nonstatin therapy
(2 patients), transition to hospice care (1 patient), remainder were variations due to coding interpretations (9 patients).

The intent-to-treat analysis showed that 176/210 (83.8%, 95%
CI 78%‐88.4%) patients in the intervention group had lipid
levels measured in the hospital compared with 155/200 (77.5%,
95% CI 71%‐83%) patients in the control group (P=.14; Table
4). The subgroup analysis yielded a similar, nonsignificant
finding (87/100, 87% vs 155/200, 77.5%; P=.07). Among
patients who had both before and after admission LDL levels
measured, their mean in-hospital LDL levels were approximately
13 mg/dL lower than they were before hospitalization (95% CI
−17.9 to −7.5; P<.001).

Follow-Up Period Results
Patients randomized to the intervention group were more likely
to have lipid management recommendations added to the
discharge summary (54/205, 26.3% vs 27/197, 13.7%; P=.002).

Subgroup analysis showed a stronger effect, with 38/98 (38.8%)
patients who received the intervention having a lipid
management recommendation in their discharge summary versus
27/197 (13.7%) controls (P<.001). More than half (47/81, 58%)
of patients with the lipid management recommendations
provided in the discharge summary had LDL measured in the
follow-up period compared with only 119/321 (37.1%) patients
without these recommendations (P=.001).

Documented LDL levels within 4 weeks to 6 months of hospital
discharge were available for 166/402 (41.3%) patients and
included 90/205 (43.9%) of intervention patients and 76/197
(38.6%) control patients (P=.33; Table 5). Among the 166
patients with LDL measurements, 101 (60.8%) had a follow-up
LDL of less than 70 mg/dL (median 63.5, IQR 49-79 mg/dL).
The median LDL for the control group was 63 (IQR 49-79)
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mg/dL and for the intervention group 63.5 (IQR 49-78) mg/dL (P=.95). The subgroup analysis resulted in comparable findings.

Table . Low-density lipoprotein (LDL) assessment after patient discharge.a

P valueIntervention group

(n=205)

Control group

(n=197)

LDL

.33b90 (43.9)76 (38.6)LDL measured within 4 weeks to 6
months after discharge, n (%)

.95c63.5 (49-78)63 (49‐79)LDL values (mg/dL), median (IQR)

aThe 8 patients who died were excluded.
bPearson chi-square test.
cWilcoxon rank-sum test.

Discussion

Principal Findings
In the intervention group of this pilot study, pharmacists
provided patient-centered recommendations for
guideline-directed statin therapy for patients with ACS. At
hospital discharge patients in both the intervention and controls
groups had very high rates of statin therapy, such that there was
no significant difference for the primary outcome. However,
there was significant differences in the rates of pharmacist
recommendations being incorporated into the discharge
summary for the intervention group and these recommendations
were associated with higher rates of adjustment of statin therapy
at outpatient patient follow-up. These findings demonstrate
feasibility for implementation and effectiveness of the
in-hospital pharmacist intervention.

The rates for patients taking a high-intensity statin were high
in both the intervention and control groups. The change in
therapy from admission to discharge was significant; all patients
eligible and consenting to statin therapy were discharged with
high-intensity therapy.

A stepped wedge cluster study design was used due to logistical
constraints [22] as subjects were recruited from 6 different
cardiology hospital services. These services served as natural
clusters for which we delivered the intervention. Additionally,
by implementing the intervention within these clusters, both
the staff training and deployment of the intervention were
possible. Intervention fidelity was determined by the presence
of the templated pharmacist intervention note in the EHR. We
found that only 100/210 (47.6%) intervention patients had this
type of note documented. During this pilot, the pharmacists
were not assigned to a particular service but rather served
patients across multiple services. This meant pharmacists
sometimes cared for both control and intervention patients in
the same day, increasing the risk of low intervention fidelity
(intervention patients not receiving) or intervention
contamination (controls receiving the intervention). While
intervention fidelity was low, there were only 3 instances of
intervention templated pharmacist notes appearing in the record
for a control patient demonstrating low rate of contamination.

The estimated rate of in-hospital LDL measurement was similar
between this study’s groups. In both groups adherence to
measuring LDL levels during hospitalization was high

minimizing the opportunity to show improvement as a result of
the intervention. LDL levels during hospitalization for ACS
were lower than levels that were obtained within 6 months
before the hospitalization for ACS event. Despite many patients
having an in-patient LDL of 70 mg/dL or less during
hospitalization, levels should be checked at follow-up post
hospitalization as dose adjustments may be necessary. Overall,
there was no difference in post hospitalization lipid measurement
between the control group and the intervention group. However,
intervention patients were more likely to have lipid therapy
follow-up recommendations in their discharge summary,
although rates were low in both groups. The subset of patients
that had pharmacist recommendations for lipid testing available
in the discharge summary had higher frequency of post hospital
lipid measurement (P=.001). This suggests that communication
of pharmacists’ recommendations for outpatient providers
delivered via discharge summaries was beneficial, indicating
that pharmacists may have an important role in bridging the gap
in guideline directed care between in-hospital and outpatient
care [19].

The intervention proposed herein focused on recommendations
for guideline-directed optimal lipid lowering medical therapy.
Diet and lifestyle modifications are also important in lipid
optimization and these recommendations are routinely provided
for each patient during the hospitalization by the
multidisciplinary care teams. Additionally, at hospital discharge
patients with ACS are routinely referred to cardiac rehabilitation
programs which include comprehensive cardiovascular health
assessment as well as detailed recommendations for diet and
physical activity [11].

Comparison to Previous Work
Prior studies have demonstrated a strong correlation between
statin intensity and survival of patients with ACS [9].
High-intensity statins have a significant impact on survival over
moderate-intensity statins regardless of patient age [9]. For this
reason, our clinical practice standard is to initiate high-intensity
statins on all patients hospitalized with ACS. Low use of
high-intensity statins post-ACS and difficulty achieving goal
LDL levels may have a negative impact on secondary prevention
in patients with ACS [9].

In a prior study it was demonstrated that high-intensity statin
use increased from 33.5% to 71.7% among 117,989 patients
discharged from the hospital after a myocardial infarction [24].
In that same study, older age, previous statin intolerance, drug
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interactions, and long-term care goals were reasons that statins
were not prescribed at discharge. This study showed high
frequency of high-intensity statin prescription at hospital
discharge, with the main reason that patients did not take statins
being discharge to hospice for end-of-life care.

Previous studies demonstrated that in-hospital and follow-up
lipid testing was associated with higher rates of lipid lowering
therapy prescription for patients with ACS [25,26]. In this study
herein, a lipid therapy recommendation in the discharge
summary was associated with higher frequency of lipid testing
during the follow-up period. In this study only 41% of all study
patients had LDL measurements within 6 months of hospital
discharge. Of these patients, 61% had an LDL less than 70
mg/dL hence nearly 40% of these patients with ACS who had
follow-up lipid testing were not at goal LDL. This low frequency
of follow-up lipid testing is not unique to our practice. Wang
et al [27] compared data from 11,046 patients aged older than
65 years discharged from the hospital being alive from the years
2007 to 2009. In this cohort, only 44% had repeat lipid testing
at 90 days and only 14% were on high-intensity statins at 1 year
follow-up.

These studies highlight the need to implement interventions
that improve use of lipid follow-up testing for the achievement
of target LDL levels. Our proposed intervention promotes
improved communication among providers including pharmacist
recommendations shared across the continuum of care targeting
lipid lowering therapy.

Strengths and Limitations
The primary strength of this study is the ability to demonstrate
alignment with guideline-directed high-intensity statin therapy
for patients with ACS, while no overall group differences were
seen this study identified an important opportunity for improved
longitudinal lipid lowering therapy after hospital discharge in
this high-risk population. This study suggests that a team-based
approach may be successful and warrants further investigation
and refinement.

This study has limitations. First, this pilot study was not
randomized due to limited availability of clinical resources
during this study’s period. Randomization will be used in a
larger implementation trial which will be endorsed by
administrative leadership for coordination and allocation of
clinical resources. Second, the intervention fidelity was low,
potentially diluting the treatment effect and reducing sample
size for the subgroup analysis of patients who received the
intervention. This reduced sample size limited statistical power
for detecting group differences. There are several potential
causes for the observed low intervention fidelity. A new hospital
wide pharmacy initiative for documentation of pharmacist
progress notes in the EHR on all patients started during this
pilot. Additionally, some patients were discharged from the
hospital within 24 hours after admission, which decreased the

opportunity for the pharmacists to deliver the intervention. In
the future, we plan to schedule activation of the intervention
for a time that does not overlap with other institutional quality
initiatives and improve integration of the intervention with
discharge planning. Lastly, the same pharmacists were
responsible for covering multiple services and sometimes cared
for intervention and control patients on the same day. In the
future, we plan to clearly label in the EHR which group a given
patient is assigned (control vs intervention) and when possible,
assign different pharmacists for control versus intervention
groups. By improving intervention fidelity, statistical power for
detecting group differences may also improve.

Results of this study may be generalized to other clinical settings
which use team-based care in hospital practice. The institution
in which this project was performed is a referral institution
which may have impacted the patient population characteristics,
but the care delivered was guideline-based which should be
adopted in all institutions caring for patients with ACS.

Future Directions
Shortly after this pilot study was completed, an Expert
Consensus paper was published by the American College of
Cardiology recommending a target LDL for high-risk (including
post-ACS) patients of less than 55 mg/dL [28]. The primary
driver behind this consensus document was the availability of
nonstatin therapies that can further help optimize LDL levels
[6]. With lower target LDL levels and the advent of nonstatin
lipid lowering therapies, the proposed intervention could be
adapted to lower target LDL levels and the use of both statins
and nonstatin lipid lowering therapies to promote the delivery
of guideline-directed care for patients with ACS.

Multidisciplinary care processes that enhance best practices for
lipid management after hospital discharge of patients with ACS
are needed to improve patient outcomes. A previously published
study from our institution described a proactive model of care
delivery assisted by clinical decision support technology to
promote delivery of guideline-directed care after patients are
discharged from the hospital [9]. We envision implementation
of a combined process of using the pharmacist-initiated program
for lipid lowering therapy in the hospital setting and a proactive
outpatient model of care delivery supported by technology as
described by Partogi et al [29] to promote longitudinal patient
follow-up for delivery of secondary prevention
guideline-directed therapy for patients with ACS.

Conclusions
An inpatient pharmacist-initiated intervention for lipid lowering
therapy for patients with ACS is feasible and effective. The
main opportunity for future improvement lies in improved
communication via the EHR to promote optimization of lipid
management in longitudinal outpatient follow-up in this
population.
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Abstract

Background: Remote patient management (RPM) using smartphone-enabled health monitoring devices (SHMDs) can be an
effective, value-added part of cardiovascular care. However, cardiac patients’ adherence to RPM is variable. Personas are fictional
representations of users with common behaviors, needs, and motivation and can thereby help guide tailoring of interventions to
be meaningful and possibly more effective. Personas can be used to understand the needs of the patient group and guide tailoring
toward more personalized and effective eHealth intervention.

Objective: The aim of this study was to develop data-driven personas for patients with myocardial infarction (MI) based on
both quantitative and qualitative results.

Methods: This study used a mixed methods design involving (1) database analysis of patients with MI (N=261) SHMD usage
data (blood pressure [BP], weight, step count) over the course of a one-year care track and (2) semistructured interviews with
patients with MI (N=16) currently using SHMDs. Overall, 12-month adherence rates were calculated based on the number of
weeks patients performed the prescribed home measurements with the SHMDs.

Results: A cluster analysis was conducted on the self-monitoring data resulting in four distinctive usage patterns labeled as stiff
starting (low adherent in first 6 weeks: 13%, 34/261 of users), temporary persisting (decreasing adherence: 24%, 62/261), loyally
persisting (continuously adherent: 26%, 68/261), and negligent quitting (nonadherent: 37%, 97/261). Health outcomes (BP, step
count, and weight) were analyzed based on these patterns. More adherent usage patterns show better controlled BP when compared
to less adherent usage patterns, suggesting that adherence is associated with health outcomes. Patient experiences regarding
adherence or nonadherence to the RPM relating to the four distinctive usage patterns were uncovered by means of semistructured
interviews, providing insight into adherence factors most relevant for each of the clusters. Thus, 4 distinct personas were developed
by data collection (database analysis and semistructured interviews), persona segmentation, and persona creation, named Tamara,
Sam, Peter, and Kim.

Conclusions: This study identified 4 personas regarding adherence experiences and usage patterns of patients within an RPM
care track. Adherent usage patterns were characterized by improved BP and step count. These personas can guide future tailoring
of eHealth interventions to maximize patient adherence.

(JMIR Cardio 2025;9:e56236)   doi:10.2196/56236
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Introduction

Cardiovascular disease (CVD) is a leading cause of death and
disability worldwide [1]. CVD can partially originate and be
perpetuated by several modifiable lifestyle risk factors including
an unhealthy diet, insufficient physical activity, and smoking
leading to elevated body weight and blood pressure (BP) [2-4].
Addressing these modifiable risk factors can improve symptoms,
health outcomes, and overall quality of life [5]. Various patient
groups, for example, those who have experienced an
ST-elevation myocardial infarction (STEMI) or non-ST acute
coronary syndrome (NST-ACS), benefit from tight control of
their BP, weight, and physical activity [6]. A promising method
to facilitate rehabilitation and tackle lifestyle risk factors is the
use of remote patient management (RPM), adjunct to clinic care
[7]. RPM is an intervention type that makes use of eHealth
methods to deliver care. eHealth comprises a variety of methods
to deliver care and promote health using applications, websites,
digital health records [8], and smartphone-enabled health
monitoring devices (SHMDs). Various studies show that eHealth
is as, or more, effective than standard care [9-11]. Close
monitoring through RPM can help to reduce hospital admissions,
disease progression, risk factors, and allow for early intervention
[12,13].

“The Myocardial Infarction (MI) Box” is an RPM intervention
for cardiology patients after myocardial infarction in the home
context. It makes use of SHMDs to monitor and provide care
to patients discharged from the Leiden University Medical
Center (LUMC) after a STEMI or NST-ACS event [6,11] Data
from the SHMDs are automatically transferred to and integrated
into the electronic medical record (EMR) [11], which provides
clinicians with more accurate data to make treatment decisions
and give patients feedback on important health parameters, such
as BP, body weight, physical activity, and heart rhythm for 1
year after discharge [6]. Furthermore, the MI Box is a tool for
the stimulation of a healthy lifestyle. Treskes et al [11]
demonstrated through a noninferiority trial that The MI Box as
stand-alone aftercare treatment is as effective as standard
cardiovascular care. However, like other eHealth interventions,
it is curtailed by variable adherence. This nonadherence can
lead to a loss of guidance for these patients, a worsening of
symptoms, and at worst another cardiac event [7,12].

Adherence to the technology within eHealth is variable,
including users who adhere long term, those who stop usage
after a short period, those who do not use the functionalities as
intended, and those who do not use the devices at all [14-16].
Reasons for this spectrum of adherence could be that needs,
preferences, and capacities of users are not sufficiently
considered [17], leading to a misalignment between the
intervention and the users’ needs and abilities. Factors
influencing (non)adherence in cardiac interventions are varying,
including intrapersonal, clinical, health system, and logistical
factors [18]. The duration of the intervention possibly influences
adherence, with longer interventions having adverse effects on
adherence [19]. Tailoring based on theoretical, behavioral, and
demographic variables has been associated with more effective
interventions [20]. The literature highlights the importance of
balancing personalized and generalizable approaches to improve

outcomes. In this study, this balance is achieved using
data-driven personas, while in other studies (eg, ref iris and
foot), this is accomplished through biometric identification
systems, which consider both unique individual characteristics
and broader applicability to diverse populations [21]. Personas
are a method to determine tailoring strategies to correct this
misalignment and enhance adherence [22].

Personas are representations of users with common
characteristics, behaviors, and needs [23,24] and can be
constituted of quantitative and qualitative data [25,26]. Personas
can help prioritize problems, direct focus on specific
characteristics and needs of subpopulations, highlight and
challenge assumptions about populations, and sensitize those
creating interventions on how they differ from the patients they
serve. Personas are narratives that highlight the user perspective
and can thereby guide conversations and changes to the
interventions made by health care professionals and designers
[22,23,25,27]. For example, personas can guide cocreative
sessions by providing a narrative with which stakeholders can
discuss issues facing the users and brainstorm design solutions.
Research in patients with cancer, diabetes, and heart failure has
used personas to gain a better understanding of the population,
which allowed for distinguishing behavioral factors influencing
acceptance, distinguishing different subpopulations’needs, and
influencing implementation [25,28,29]. Although there is not
one definitive way to create personas since they are unique to
each population and context, there are three general steps in
their creation: data collection, persona segmentation, and
persona creation [22]. Data collection comprises a combination
of both qualitative and quantitative methods, either separately
or together. Persona segmentation is creating groups based on
similarities in demographic or behavioral variables. Finally, the
persona creation step involves the designing of the layout of
the persona and what information is included [22]. To our
knowledge, personas based on qualitative and quantitative data
representing patients using RMP or SHMDs have not yet been
published. Personas based on mixed methods can be valuable
for they describe the biopsychosocial complexities of adherence
[30], thereby providing insight into tailoring methods to improve
compliance and ensuring that interventions are patient-centered.

Therefore, the aim of this study was to develop personas of
patients using SHMDs in RPM care. We used a mixed methods
approach separated into three steps: data collection, persona
segmentation, and persona creation. The data collection is
further divided into 2 steps: a database analysis of
self-management data and generative semistructured interviews.
The developed personas can be used for tailoring of RPM
interventions, which could lead to increased adherence and
improved user experience. Furthermore, this mixed method
approach could be generalized to other eHealth interventions
striving to understand their target population and enhance
adherence.

Methods

Materials: The MI Box
The MI Box is an RPM intervention including four SHMDs: a
BP monitor (Wireless Blood Pressure Monitor; Withings), a
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step counter (Pulse Ox; Withings), a weight scale (Smart Body
Scale Analyzer; Withings), and a single-lead electrocariography
(ECG) device (Kardia; AliveCor Inc). The devices
communicated with the device-dedicated app on the smartphone
via Bluetooth [11]. Patients were followed for one year. This
patient population has the same diagnosis and all patients have
followed a guideline-driven medical therapy (GDMT). This
protocol, standardized with regard to interventions, evaluations,
and medication, helps control for confounding variables related
to treatment variability, isolating the effects of the RPM
intervention and its adherence. Patients can immediately see
their measurements, and the data is automatically sent to the
LUMC and included in the patient dossier [11]. The data are
evaluated multiple times per week by the clinician to monitor
the health status of each patient. Thus, the therapeutic regimen
could be revised based on the results of measurements as well
as symptoms. Furthermore, patients consulted with their
physician or nurse practitioner 4 times (1, 3, 6, and 12 months
after discharge) to discuss rehabilitation, medication, and any
other matters of concern. The first and third meetings were video
consults, and the second and fourth were outpatient clinic visits.
Patients were prescribed to take at least 1 measurement with
each device per week.

Data Collection
The data collection comprised 2 steps. First, self-management
data from Box users who have completed the year-long care
track was clustered by type and frequency of the measurements
taken (BP, steps, and weight). These variables were selected to
differentiate the clusters based purely on usage and thereby
provide information on adherence of users. Furthermore, type
and frequency of measurements were consistently available in
the EMR and reliable indicators of use. Health outcomes (BP,
weight, and step count) were analyzed based on these clusters.
Second, generative interviews were conducted with patients
currently using the SHMDs to understand their experience
regarding (non)adherence and enrich the found patterns. This
integrated analysis enables the creation of personas.

Database Analysis
The dataset for this analysis was collected from The MI Box
database, a module in the EMR where all patients’
measurements were continuously stored in real-time. Data were
acquired from May 2017 till January 2020 and included data
from patients at least one year after discharge, allowing us to
find usage patterns on a yearly basis. The obtained longitudinal
dataset included a pseudo-ID for each subject, age, gender, the
measurement type (BP, weight, and steps), measurement value,
and the corresponding timestamp of each measurement. ECG
measurements were not available for analysis since these were
not saved in the EMR. The dataset was thereby obtained with
anonymized data safeguarding participants’ privacy.

Variables
Prior to the analysis, invalid measurements were removed: a
low cut-off point of ≥100 steps per day was applied to the
pedometer measurements, as this indicated that the device was
not worn but only moved around [31]. Subsequently, all
measurement data were aggregated from days to frequencies

per week within a range of 0‐54 weeks (duration of the care
track with a margin of 2 weeks). Then, the variables were
transformed according to the generic minimal instructions
communicated by the hospital: using each device at least once
a week. Finally, these device-specific variables were summed,
resulting in one time series array per subject consisting of 54
variables with values ranging from 0‐3. A zero indicated that
no devices were used, and a three indicated that all three
different devices were used in a specific week.

Cluster Analysis
In order to identify distinct characteristics in heterogeneous
samples and cluster them into homogeneous and meaningful
groups, a cluster analysis was conducted based on users’ usage
pattern over time [27,32]. The cluster analysis was based on
each user’s use of The MI Box over the 1-year care track and
not on demographic variables, such as age and sex, or on the
clinical measures (CMs). In other words, the resulting clusters
were purely based on similarity of usage patterns. A k-means
clustering algorithm including the dynamic time warping (DTW)
distance measure was used to determine the different clusters.
DTW is a distance measure for dynamically comparing time
series data when the time indices between comparison data
points do not synchronize perfectly [33]. The cluster algorithm
was run for k ranging between 2‐8. To determine the optimal
number of clusters, average silhouette scores for the different
values of k were calculated. Values approaching 1 indicated
that the data point was in the correct cluster, and values
approaching -1 indicated that the data point was in the wrong
cluster [34]. These clusters were then named and defined into
user patterns.

Usage Pattern Comparisons
Two approaches to compare the usage patterns were conducted.
First, the demographic variables per cluster were explored.
Second, an explorative ANOVA was performed to examine
differences between the clusters regarding their health outcomes
(mean Systolic BP [SBP], diastolic BP [DBP], weight, and steps
in month 1, 6, and 12). This second analysis was performed
with an objective to compare mean values between clusters,
which can be of direct clinical relevance. Multiple univariate
ANOVAs were used for normally distributed variables, and the
nonparametric Kruskal-Wallis test for nonnormally distributed
variables. Furthermore, to compare the health outcomes over
time within each cluster, multiple repeated measures ANOVAs
were executed for the health outcomes in month 1, month 6,
and month 12. All analyses were judged at the threshold P<.05.
To correct for multiple testing, a Bonferroni correction was
used.

Software
The cluster analysis and corresponding data visualization tasks
were carried out using Python 3.8 and the following libraries:
NumPy for numerical computations [35], Pandas for data
structures [36], Plotly for data visualizations [37], Scikit-learn
for clustering [33], Tslearn for DTW clustering [38], and
Streamlit for data visualizations [39]. Statistical analyses for
cluster characterization and exploration were performed in the
software package IBM SPSS Statistics 26.
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Generative Interviews

Participants
A quota sampling strategy for recruiting patients using The MI
Box, in collaboration with specialized nurses and cardiologists,
was used. Sampling based on usage patterns allowed recruiting
a varying group of participants. A decision tree was created to
recruit patients based on their usage data. LS and TR both
classified participants based on this tree and results were
compared until a consensus was reached (refer to Multimedia
Appendix 1). Potential participants were approached by the
nurse practitioner in the outpatient clinic, and those who
expressed interest were contacted by the research team. Once
the participants consented, they were formally enrolled and
participated in the interviews. To be able to connect a participant
to a user profile, participants were required to be in follow-up
for at least 6 months. Data of their SHMDs was provided in the
EMR.

Procedure
One week before the interview, each participant received a
paper-based sensitizing booklet with four exercises to complete.
Sensitizing booklets are part of the context mapping research
method [40] and help prepare participants for an interview.
Sensitization allows for a greater and high-quality contribution
of the participants, as participants will gain insight into their
experiences, enabling them to share this during their interview
[40]. The sensitizing booklet included questions about their
experience with The Box, positive and negative aspects about
the use of The Box, experience with the individual devices,
possible changes in lifestyle, and possibility to improve The
Box. These questions and answers were discussed further in the
semistructured interviews. Furthermore, during the interview,
participants were asked to reflect on their usage and the found
usage patterns. Semistructured interviews were conducted via
videocalling with selected patients based on their personal usage
pattern. Interviewees provided written informed consent. The
interviews lasted between 30‐60 minutes and were
audio-recorded, transcribed, and thematically analyzed using
Atlas.ti (by LS and TR) [41,42]. Transcripts were independently
coded and then grouped into broader themes, and discrepancies
were discussed and resolved.

Persona Development
The personas were developed based on the clusters stratified
and emergent themes from the quantitative and qualitative
methods. This integrates both data-driven and
qualitative-focused personas development methods and includes
3 steps as described by Alsaadi and Alahmadi (2021): data
collection, persona segmentation, and persona creation [22].

Ethical Considerations
The Medical Research Ethics Committee Leiden The Hague
Delft waived ethical approval for this study as the Dutch law
concerning research involving human beings (Dutch
abbreviation WMO) did not apply to this protocol (protocol
N21.048).

Results

Database Analysis

Demographics
In total, 263 subjects were available to be included; however,
2 subjects were excluded as outliers due to one being a test
subject and the other having unrealistic measurement frequency.
In total, 261 subjects were included in the analyses. The average
age was 58 (SD 10.59) years and 77.4% (202/261) were male.
Overall, 29% (76/261) of the participants sent at least one
measurement each week for 52 weeks and 53% (138/261) of
the patients sent data for more than 80% (41.6/52) of the weeks
within the care track.

Usage Patterns
Figure 1 shows the average silhouette scores for k ranging
between 2 and 8 was optimal for k=4, yielding an average
silhouette score of 0.236, slightly higher compared to the
silhouette score of k=3. Therefore, the cluster analysis yielded
four distinct usage patterns based on usage over one year; we
named these patterns “temporarily persistent (TP),” “stiff
starting (SS),” “negligent quitting (NQ),” and “loyally persistent
(LP).” Table 1 and Figures 2-5 provide an overview of the usage
patterns.
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Figure 1. Average silhouette scores of K ranging between 2 and 8.

Table . Details of the four usage patterns.

AdherenceDescriptionDemographics (N=261)Usage pattern

47% (29/62) measured at least once
in 80% (41.6/52) of the weeks.
Dropout rate: 19% (12/62) after 6
months and 77% (48/62) after 12.

Adherent start with all devices. Ad-
herence decreases as time progress-
es, possible dropout.

62 (24): Mb: 81% Fc: 19%TPa

68% (23/34) measured at least once
a week for 80% (41.6/52) of the
weeks. Dropout rate: 3% (1/34) after
6 months and 35% (12/34) after 12.

Nonadherent. After some weeks,
adherent and the adherence declines,
possible dropout.

34 (13): M: 76% F: 24%SSd

20% (19/97) measured at least once
a week in 80% (41.6/52) of the
weeks. Dropout rate: 20% (19/97)
after 6 months and 66% (64/97) af-
ter 12.

Nonadherent start. Adherence de-
creases over time and often results
in a dropout.

97 (37): M: 70% F: 30%NQe

100% (68/68) measured at least
once in 80% (41.6/52) of the weeks.
Dropout rate: 0% (0/68) after both
6 and 12 months.

Continuously adherent, with at least
two devices. Maintained until the
care track cessation.

68 (26): M: 85% F: 15%LPf

aTP: temporarily persistent.
bM: male.
cF: female..
dSS: stiff starting
eNQ: negligent quitting.
fLP: loyally persisting.

JMIR Cardio 2025 | vol. 9 | e56236 | p.562https://cardio.jmir.org/2025/1/e56236
(page number not for citation purposes)

Hondmann et alJMIR CARDIO

XSL•FO
RenderX

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


Figure 2. Measurement pattern temporarily persistent.

Figure 3. Measurement pattern stiff starting.
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Figure 4. Measurement pattern negligent quitting.

Figure 5. Measurement pattern loyally persisting.
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User Pattern Comparisons
The ANOVAs showed a significant difference in DBP between
the clusters (NQ and LP and TP and NQ) in month 1
(F3,245=4.649, P=.004). The ANOVA also showed a significant
difference in SBP between the clusters (NQ and LP and TP and
NQ) in month 6 (F3,199=5.388, P=.001). Significance is
determined at P<.013 (.05/4) after Bonferroni correction for
multiple testing.

Additional contrast analysis, comparing the most adherent (LP)
with the least adherent (NQ) user profile, showed that patients
in the least adherent group had a significantly higher DBP in

month 1 and 6 (DBP month 1: T245=-3.308, P=.001, r=0.21,
DBP month 6: T199=−2.766, P=.007, r=0.19).

Additionally, a Kruskal-Wallis test was conducted, due to
non-normal distribution, on the steps which yielded a significant
difference in the number of steps in the first month among the

clusters (χ2
3=9.850, P=.020). A higher step count is seen in

month one in TP and LP when compared to SS and NQ. The
ANOVAs indicated no significant differences in weight between
the clusters. Repeated measures ANOVAs did not show
significant differences in changes in health outcomes in month
1‐6, 6‐12, and 1‐12 within each cluster. However,
especially in month 12, there existed a substantial amount of
missing data (see Table 2).

Table . Mean values of health outcomes per month, including the percentage available data in brackets.

LPd n (%)NQc n (%)SSb n (%)TPa n (%)CM and month

Weight

84.7 (99)87.6 (70)86.8 (94)84.9 (89)1

84.8 (99)86.7 (35)85.8 (79)84.9 (65)6

83.4 (91)91.8 (14)86.3 (38)91.2 (21)12

Steps

4592 (97)e3559 (66)e3062 (85)e4346 (98)e1

4861 (97)4331 (23)4186 (59)3883 (74)6

4911 (93)3885 (5)5339 (29)4028 (24)12

SBPf

124.1 (100)127.2 (89)127.2 (100)124.5 (98)1

123.5 (100)e130.7 (58)e126.5 (97)122.9 (74)e6

123.1 (97)128.7 (29)125.0 (71)125.4 (31)12

DBPg

74.1(100)e78.5(89)e75.6 (100)74.5(98)e1

74.3 (100)78.7 (58)75.9 (97)74.1 (74)6

74.2 (97)77.6 (29)74.5 (71)77.3 (31)12

aTP: temporarily persistent.
bSS: stiff starting.
cNQ: negligent quitting.
d LP: loyally persisting.
eA significant difference between the clusters.
fSBP: systolic blood pressure.
gDBP: diastolic blood pressure.

Generative Interviews

Demographics
In total, 18 patients were recruited, two canceled their
participation, resulting in 16 patients being interviewed. Out of
16, 14 (87.5%) were men and the average age was 60.6 (SD
9.7). Of these patients, 8 (50%) were halfway through the care
track and 8 (50%) were approaching the end of the care track.
Based on their usage patterns, 6 patients were classified as TP,

2 as SS, 2 as NQ, and 6 as LP (For demographics of interviewed
participants, see Multimedia Appendix 2).

Adherence Influencing Factors
Qualitative analysis in Atlas.ti resulted in 536 codes. Thematic
analysis of the codes resulted in eight reasons for adherence,
combined into three general factors: care track (guidance and
techniques), individual (measurement results and interpretation,
technological literacy, health beliefs and events, and identity
and personality), and context factors (daily life and logistics).
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The questions below the factors are to further explain the
meaning of each factor and possible questions to uncover these

factors within the patient population (Figure 6).

Figure 6. Factors for (non)adherence derived from the interview.

Care Track Factors

Guidance

Clear instructions about and response to measurements from
the hospital was an important factor for adherence. 11 patients
expressed positive experiences with guidance from the hospital:
“It is very nice that you are connected to the hospital, they
directly called me back the other day!” (TP). In contrast, 5
patients indicated guidance was lacking: “They did not give me
any instructions; I just had to see for myself” (SS).

Technics

Well-functioning devices lower the threshold for
self-management, whereas malfunctioning often resulted in
non-adherence. For 9 patients, the devices and app worked
seamlessly: “We already had a scale at home, but the provided
scale registers everything very nicely” (LP). However, seven
patients faced technical problems: “When the devices do not
work and are not connecting, I do not know what to do anymore.
I have been trying enough for now” (TP).

Individual Factors

Measurement Results and Interpretation
When patients can interpret the results and consider them
meaningful, adherence is more likely. For 12 patients, the
outcomes and their interpretations of the measurements were a
motivator for measuring: “It is very calming that you see that
your blood pressure is stable and your heart rate still good”
(LP). In contrast, the measurement results were demotivating
for four patients: “If everything was in the red, I thought to
myself wat can I do? Should I call the doctor? What can I do?”
(TP).

Technological Literacy
The degree of technological literacy and available support can
play a critical role in adherence. During the interviews, 11
patients expressed having sufficient experience with technology:
“As a physicist, you can call me a ‘techie’” (LP). Patients would
often receive support from their partner or family members,
which made using the devices still doable for them. Five patients

indicated a lack of technological literacy: “I never use the app;
I am just not able to do that” (NQ).

Health Beliefs and Events
For patients to be intrinsically motivated, they should consider
the intervention as relevant for their own health and avoiding
future cardiovascular or health events. 11 patients indicated that
their infarction and health was a reason for measuring: “When
I have health complaints, I just do some extra checks with the
devices” (SS). However, five patients did not see the value of
measuring for their own health currently and believed that
avoiding future events was not greatly influenceable by their
own health behavior: “Well, the kilo’s do not really matter to
me and my health” (TP).

Identity and Personality
It is important that the eHealth intervention aligns with the
patient’s identity for adherent use. Six patients indicated that
the devices matched with their personal identity and identity as
a patient. “I have just had an infarction, so it is a fact that I am
a patient. I accepted that; it is part of my life now” (LP). On the
other hand, 4 patients rejected a patient identity: “I also should
not be always labeling myself as a heart patient (SS), or that
the smartwatch did not fit their personal style: “For my job, I
need to dress appropriately, and the pedometer watch did not
fit my style” (SS).

Context Factors

Daily Life
Whether using the intervention has become part of daily practice
can influence adherence. This was the case for 12 patients: “I
always measure around 9AM when I just had my breakfast,
then I do all the measurements. I also took my medication at
that time” (LP). For 4 patients, measuring did not become a
habit or was forgotten: “The last weeks I did not do all the
measurements, I had a lot of stress at my work. Then I just
cannot do it” (LP).

Logistics
It is essential that the telemonitoring devices are easy to handle
in varying contexts to stimulate adherent use. Seven patients
expressed themselves positively regarding logistics. They valued

JMIR Cardio 2025 | vol. 9 | e56236 | p.566https://cardio.jmir.org/2025/1/e56236
(page number not for citation purposes)

Hondmann et alJMIR CARDIO

XSL•FO
RenderX

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


that The MI Box reduced their travel time to the hospital and
that the devices were easy to take with them: “I do not like to
travel a lot, as I always face many obstacles such as tractors,
which makes me nervous. Therefore, I really like that I can just
do the measurements at a distance” (LP). However, three
patients indicated logistical issues which led them not to do
their prescribed measurements: “Well, then you have to measure
three times when you are on a holiday, I am never going to do
that” (LP).

When placing the factors listed in Figure 6 alongside the usage
patterns, trends can be observed. Participants in the LP group
mentioned that for the majority, all factors contributing to their
adherence. Participants in the TP group showed a more divided
perspective on factors for adherence. Most participants found

guidance, measurement results and interpretation, daily life,
and logistics a factor for their adherence. This group is divided
on technological literacy and identity and personality.
Participants in the NQ group, guidance was a factor for
adherence. However, many mentioned health beliefs and
measurement results and interpretations to be factors for their
nonadherence. Finally, participants in the SS group identified
several factors for adherence including technical issues,
measurement results and interpretation, technological literacy,
health belief, and events. However, guidance was mentioned
as the factor for nonadherence. The distribution per usage pattern
of the number of participants who mentioned the factor as a
reason for adherence and in parentheses those who mentioned
it as a factor for nonadherence can be seen in Table 3.

Table . Number of participants per usage pattern factor for adherence (and nonadherence in parentheses).

SSd (N=2)NQc (N=2)TPb (N=6)LPa (N=6)Factor

0 (2)2 (0)4 (2)5 (1)Guidance

2 (0)1 (1)1 (5)5 (1)Technical Issues

2 (0)0 (2)4 (2)6 (0)Measurement results and in-
terpretation

2 (0)1 (1)3 (3)5 (1)Technological literacy

2 (0)0 (2)4 (2)6 (0)Health beliefs and events

1 (1)0 (1)2 (1)2 (1)Identity and personality

1 (1)1 (1)4 (2)6 (0)Daily life

1 (0)0 (1)5 (1)2(1)Logistics

aLP: loyally persisting.
bTP: temporarily persistent.
cNQ: negligent quitting.
dSS: stiff starting.

Persona Development
Four personas were developed based on the results from the
database analysis and generative interviews, named Tamara,
Peter, Sam, and Kim. These personas are composed of usage
patterns enriched by interview data to provide a rich description
of the patient population. Furthermore, each persona contains
selected factors from the interviews that are either important or
unique within this usage pattern. These personas are not
descriptive of all within each usage pattern and are not an
identical copy of the data; however, they provide an impression

of patients and their concerns with the eHealth intervention (see
Multimedia Appendix 3).

Tamara
Tamara represents the loyally persisting usage pattern. The
SHMDs motivate her to get and stay healthy. The two factors
essential to Tamara are patient identity and routine. Namely,
Tamara is okay with being a patient and has built eHealth into
her daily routine. Tamara can run the risk of overtesting to keep
a sense of control and reduce her feelings of panic about her
health. The change in Tamara’s health outcomes (which
represents the average LP user) is shown in Table 4.
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Table . Average change in health outcomes per persona.

Month 12Month 6Month 1Persona and clinical measure

Tamara

838585Weight (kg)

491148614592Steps

123124124SBPa (mm Hg)

747474DBPb (mm Hg)

Peter

918585Weight (kg)

402838834346Steps

125123125SBP (mm Hg)

777575DBP (mm Hg)

Sam

918585Weight (kg)

402838834346Steps

125123125SBP (mm Hg)

777575DBP (mm Hg)

Kim

868687Weight (kg)

533941863062Steps

125127127SBP (mm Hg)

757676DBP (mm Hg)

aSBP: systolic blood pressure.
bDPB: diastolic blood pressure.

Peter
Peter represents the temporarily persisting usage pattern. For
Peter, the intervention must be easy, and he does not experience
the SHMDs to work seamlessly. The 2 factors essential to Peter
are support and technological literacy. Peter has a strong support
network of friends and family. However, he is unsure about his
technological skills. The change in Peter’s health outcomes
(average TP user) is shown in Table 4.

Sam
Sam represents the negligently quitting usage pattern. Sam does
not see the use of the SHMDs, especially when he is not
experiencing any symptoms. The two factors essential to Sam
are identity and routine. Sam does not feel like a patient and
often forgets to measure. The change in Sam’s health outcomes
(average NQ user) is shown in Table 4.

Kim
Kim represents the stiff starting usage pattern. At first, Kim did
not know all the functions and features of the devices and found
it hard to figure out. The two important factors for Kim are
technological literacy and support. Kim has confidence in her
technological skills, but she does not feel supported by the
hospital. The change in Kim’s health outcomes (average SS
user) is shown in Table 4.

Discussion

Principal Findings
The aim of this study was to identify user patterns to improve
adherence to RPM interventions in patients after MI. The
identified 4 distinct usage patterns are consistent with the
literature which found similar usage patterns based on usage
data of interventions within different populations, differentiating
between those users who do interact, who sparingly interact,
and highly interact with technology [15,16]. These usage
patterns can help healthcare professionals to identify those
patients who are less reached by technology and to identify
strategies to improve their adherence to RPM interventions after
MI.

Analysis of health outcomes based on these usage pattern
clusters showed a significant difference in BP between the
patterns (NQ and LP and LP and TP) in month 1 and 6 and for
steps in month one (LP and TP and SS and NQ), with a trend
of lower blood pressure and higher step count in the high
adherence groups. This shows the potential for tailoring to
improve health outcomes throughout the whole care track and
between different patterns. The differences between usage
patterns in months 1 and 6 are possible moments of interest for
tailoring to ensure an advantageous start and continuation.
Furthermore, around month 6, patients conclude rehabilitation;
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therefore, this may be an important moment to address
adherence and motivation of users to continue with the
intervention. When comparing the most to the least adherent
usage patterns, a significantly higher DBP was seen in the least
adherent pattern. The observed relation between adherence and
better-controlled BP can be explained in several ways. First,
medication intake might correlate with device usage [43].
Second, monitoring BP can lead to an increase in healthy
lifestyle [44]. Finally, repeated high BP values might demotivate
adherently performing the required measurements, as the
measurements’ results are unsatisfactory [18]. Thus, those with
less controlled BP may become less adherent over time. When
observing the health outcomes within month one, a possible
trend can be seen, namely that users with a “good start” tend to
have “good results.”

The interviews resulted in care track, individual, and context
factors of nonadherence. These findings are consistent with
literature [18]. Previous findings have similar aspects for
nonadherence, including frustrating technology, perception of
content, and support through face-to-face contact [45].
Furthermore, a previous study found similar factors as values
of importance for this population and are recommendations for
further eHealth development for this population [46].

These findings led to the creation of four personas named
Tamara, Kim, Peter, and Sam. These personas are specific to
this patient population. However, previous literature within
different populations uses similar mixed methods approaches
[27,29,47]. Based on these findings, we formulate the following
tailoring recommendations. These recommendations were
specified per persona; however, these can apply across the care
track and for other eHealth interventions. Further research can
be conducted on the efficacy of these tailoring measures.

For users such as Peter, the essential factor for adherence is
support, and for nonadherence, it is technological literacy.
Therefore, comprehensive technology and engagement strategies
can be used to tailor the intervention. The more confident a user
is in their ability, the more likely they will perform well within
the intervention [48]. Furthermore, self-efficacy influences
eHealth use and is valued by patients with cardiovascular disease
[46,48,49]. Although avoiding all technological difficulties and
frustrations is not possible, it is important that users feel that
they can reach out for guidance. Therefore, a tailored measure
can be to emphasize to these users that technological issues may
arise and that this has nothing to do with their competencies;
moreover, reaching out to is encouraged. Staff could monitor
usage in the first week and be on standby to provide support
when nonadherence is observed. Furthermore, these users can
be given more time when starting the care track to ask questions
and test-run the devices. For users like Kim, whose essential
factor for non-adherence is desire for more guidance and
support, a recommendation is to provide face-to-face interaction
with the health care provider [50]. However, this could be
difficult given time constraints of health care providers.
Therefore, a recommendation can be to provide the user with a
“buddy” or a support group of other participants [51] to which
they feel accountable. This buddy can also come directly from
the user’s social environment [46]. This tailoring measure is
essential at the start of the intervention since these users

typically start in a non-adherent state. Users like Sam, whose
essential factor for nonadherence is identity and routine, can be
harder to impact through alterations in the design of the
intervention. However, prior to starting the intervention, steps
can be made to change their perception and motivation. Tailored,
inclusive health education by trusted healthcare professionals
or through testimonials from previous users can potentially
increase health literacy and their perception of the importance
of the intervention [24]. A study on eHealth interventions for
smoking cessation showed that those less motivated also
engaged less with devices and smartphone applications.
Indicating that, regardless of the design elements of the
intervention, motivation partially determines engagement. This
study indicated that although lack of motivation significantly
reduces the engagement of the participant, it is not reduced to
zero; therefore, it is critical to find alternative “low-effort
communication” [52]. Although relevant to all participants,
empowerment strategies could potentially increase these users’
adherence. These strategies can include but are not limited to
goal setting, feedback on behavior, information about health
consequences, social support, and demonstrations of the
behavior [48]. Loyal users such as Tamara, whose essential
factor for adherence is identity and routine, can provide essential
information for improvements to make eHealth more
user-friendly. For example, within the interviews, a participant
indicated that they forget to do measurements when there is
stress in their daily lives. Therefore, providing information on
how to continue with measurements when stress is high or how
to handle stress could lead to even more consistent use.
Furthermore, these users can be supported by further enhancing
her autonomy by giving more decision room in the care track
[46]. These personas also highlight the potential significance
effects of culture and contextual factors on RPM experience
and effectiveness; therefore, future research should explore
these effects specifically. Focusing on the factors that are crucial
to increase adherence and are desirable for a personalized
experience.

The study design allowed the obtainment of the aim, to develop
personas of patients using SHMDs. Using quantitative insights
as the foundation enriched with qualitative insights allowed an
in-depth understanding of how SHMDs are used and
experienced. The identified usage patterns, adherence factors,
and personas are based on objective self-management data and
subjective user experience data and thereby provide a deeper
understanding of the users and the potential for tailoring. The
study approach built upon a by a study of Ten Klooster et al
[17], which indicated that meaningful usage patterns can be
created through using quantitative data and qualitative insights.
Although the study provides a clear stratification and deeper
insights, there are limitations worth mentioning. First, the
identification of clusters was based on the presence or absence
of measurements. Consequently, for nonadherent patients, much
data was missing. Therefore, the exploration of CMs was done
on the means of month 1, 6, and 12. Second, since no measures
were undertaken to predict cluster membership or to apply the
results to new data, one should be cautious in generalizing the
results beyond the sample. Third, the distribution of user patterns
within the interview sample is not equal; however, this was
taken into consideration when creating the personas to include
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narrative aspects from all patterns. In addition, the interview
part of this study involved a relatively small sample size;
however, due to the in-depth nature of the interview, we were
able to get rich insights into patient experience on adherence.
Finally, the male sex made up most of the participants within
the study, specifically, the interview study included only 2
females. This could have influenced the creation of the personas,
since it has been shown that males and females interact
differently with the health care system and providers [53-55].

Conclusion
The goal of this study was to unlock the personalizing potential
of RPM eHealth interventions in motivating and personally
meaningful care for patients with MI. The identified usage
patterns can help health care professionals to identify those
patients who are less reached by technology and to identify

strategies to improve their adherence to RPM interventions after
MI. This study identified 4 usage patterns and personas, namely
temporarily persisting Peter, stiff starting Kim, negligently
quitting Sam and loyally persisting with Tamara, provides
insights into their reasons for adherence. These personas can
assist healthcare professionals in tailoring interventions to the
patient subpopulations, aiming at higher adherence and
effectiveness of interventions. The usage patterns can indicate
whether a patient may drop out, which can result in losing
overview of this patient or, as this study suggests, a worsening
of BP control. The study provides a deeper understanding of
the heterogenous patient population and, to our knowledge, is
the first to publish usage patterns and personas for this type of
eHealth intervention. Next steps will include using these
personas to tailor the RPM intervention to the individual with
the aim to improve overall adherence and clinical outcomes.
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Abstract

Background: Cardiovascular diseases (CVDs) are the leading cause of death globally. Demographic, behavioral, socioeconomic,
health care, and psychosocial variables considered risk factors for CVD are routinely measured in population health surveys,
providing opportunities to examine health transitions. Studying the drivers of health transitions in countries where multiple
burdens of disease persist (eg, South Africa), compared with countries regarded as models of “epidemiologic transition” (eg,
England), can provide knowledge on where best to intervene and direct resources to reduce the disease burden.

Objective: The EXPOSE (Explaining Population Trends in Cardiovascular Risk: A Comparative Analysis of Health Transitions
in South Africa and England) study analyzes microlevel data collected from multiple nationally representative population health
surveys conducted in these 2 countries between 1998 and 2017. Creating a harmonized dataset by pooling repeated cross-sectional
surveys to model trends in CVD risk is challenging due to changes in aspects such as survey content, question wording, inclusion
of boost samples, weighting, measuring equipment, and guidelines for data protection. This study aimed to create a harmonized
dataset based on the annual Health Surveys for England to estimate trends in mean predicted 10-year CVD risk (primary outcome)
and its individual risk components (secondary outcome).

Methods: We compiled a harmonized dataset to estimate trends between 1998 and 2017 in the English adult population, including
the primary and secondary outcomes, and potential drivers of those trends. Laboratory- and non–laboratory-based World Health
Organization (WHO) and Globorisk algorithms were used to calculate the predicted 10-year total (fatal and nonfatal) CVD risk.
Sex-specific estimates of the mean 10-year CVD risk and its components by survey year were calculated, accounting for the
complex survey design.

Results: Laboratory- and non–laboratory-based 10-year CVD risk scores were calculated for 33,628 and 61,629 participants
aged 40 to 74 years, respectively. The absolute predicted 10-year risk of CVD declined significantly on average over the last 2
decades in both sexes (for linear trend; all P<.001). In men, the mean of the laboratory-based WHO risk score was 10.1% (SE
0.2%) and 8.4% (SE 0.2%) in 1998 and 2017, respectively; corresponding figures in women were 5.6% (SE 0.1%) and 4.5% (SE
0.1%). In men, the mean of the non–laboratory-based WHO risk score was 9.6% (SE 0.1%) and 8.9% (SE 0.2%) in 1998 and
2017, respectively; corresponding figures in women were 5.8% (SE 0.1%) and 4.8% (SE 0.1%). Predicted CVD risk using the
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Globorisk algorithms was lower on average in absolute terms, but the pattern of change was very similar. Trends in the individual
risk components showed a complex pattern.

Conclusions: Harmonized data from repeated cross-sectional health surveys can be used to quantify the drivers of recent changes
in CVD risk at the population level.

(JMIR Cardio 2025;9:e64893)   doi:10.2196/64893

KEYWORDS

data harmonization; cardiovascular disease; CVD; CVD risk scores; trends; cross-country comparisons; public health; England;
South Africa

Introduction

The global burden of noncommunicable diseases is increasing
[1,2]. Cardiovascular diseases (CVDs) in particular lead globally
in terms of causes of mortality [3] and often share characteristics
with other major noncommunicable diseases. For instance, they
tend to increase with age and can be influenced by healthy
lifestyle behaviors as well as other demographic, social, and
environmental factors. Along with questions on the presence,
diagnosis, and treatment of chronic disease–related conditions,
population health surveys conducted at regular intervals often
include measures of risk factors for CVD, thus providing
opportunities to study health transitions.

Understanding the drivers of epidemiological transition in
countries that have not followed predicted paths (eg, South
Africa) compared with those that have served as examples (eg,
England) can provide knowledge on where best to intervene
and direct resources to reduce disease burden. The EXPOSE
(Explaining Population Trends in Cardiovascular Risk: A
Comparative Analysis of Health Transitions in South Africa
and England) study uses participant-level data from nationally
representative health surveys to examine health transitions by
identifying and quantifying the drivers of trends in CVD risk
in a middle-income country such as South Africa compared
with a high-income nation such as England. Complete details
about the EXPOSE study are available in the study protocol [4]
and on the study website [5].

To enable empirical investigation of temporal trends in CVD
risk, the first phase of the EXPOSE study was to compile
harmonized datasets from the national health surveys conducted
in South Africa and England [4]. Since 1991, the Health Survey
for England (HSE) has monitored the health of the public in
England, including regular updates on trends in key indicators
such as smoking, physical activity (PA), overweight and obesity,
hypertension, diabetes, and self-reported physician-diagnosed
CVD [6]. Creating a harmonized dataset from the annual HSE
surveys conducted over 2 decades (1998-2017) to model changes
in CVD risk over time and decompose its variation (the later
phases of the EXPOSE study) was a daunting task due to
changes over time in aspects such as survey content, sampling
design (inclusion of boost samples for population subgroups),
question wording (eg, through changes in public health policy
recommendations), introduction of nonresponse weighting,
changes in measuring equipment (eg, changes in blood pressure
[BP] monitors), and more stringent data release guidelines for
protecting participant anonymity.

Herein, we describe the methods and procedures used to
painstakingly compile the harmonized dataset for England,
enabling the modeling of trends in CVD risk in adults and the
investigation of the factors driving the trends. We anticipate
that the dataset will be a valuable resource for the wider research
community in the United Kingdom and worldwide (eg, by
avoiding duplication of effort). The code for harmonizing and
appending the England surveys for others to use in future
research is publicly available through the study website [5] and
from DataFirst [7]. For the presentation of early results, we
provide sex-specific estimates of the mean total (fatal and
nonfatal) 10-year CVD risk and its individual risk components
(eg, BP, smoking, and physician-diagnosed diabetes) by survey
year over 2 decades (1998-2017), accounting for the complex
survey design.

Methods

The HSE
Data for England were drawn from the HSE, conducted from
1998 to 2017. The HSE is an annual cross-sectional, general
population survey of individuals living in private households,
with a new sample of addresses selected each year using random
multistage stratified probability sampling. Complete details
about the HSE, including its origins, sampling design, study
content, and data availability, are provided in the “Cohort
Profile: The Health Survey for England” [6].

Data collection for each survey was conducted continuously
throughout the year, starting in January, to minimize seasonal
effects. The process was carried out in 2 stages. The first stage
was a computer-assisted health interview, including questions
about sociodemographic factors, diagnosed health conditions,
self-rated general health and illness, health-related lifestyle
behaviors, and direct measurements of height and weight, by
trained interviewers. The second stage was a nurse visit,
including questions regarding current use of prescribed
medicines, BP and other anthropometric measurements (eg,
waist and hip circumference), and collection of nonfasting blood
samples (eg, glycated hemoglobin [HbA1c] and cholesterol).
Only those participants who completed the interview were
eligible for the nurse visit. Interviews and nurse visits took place
in the participants’ home. All adults (maximum 10) in selected
households were eligible to take part; the percentage of eligible
households participating ranged from 74% in 1998 to 59% in
2016.

The survey usually focuses on multiple health issues. The
inclusion of a set of “core” questions and measurements each
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year (or repeated at regular intervals) provides consistency that
is important for studying temporal trends in key health
indicators. Some surveys included a greater focus on different
single health topics, including PA and fitness in 2008 [8] and
respiratory health in 2010 [9]. In a number of years, sampling
was boosted to study specific subgroups of the population,
including ethnic minority groups in 1999 [10] and 2004 [11],
persons living in care homes in 2000 [12], children and young
adults in 2002 [13], and persons aged ≥65 years living in private
households in 2005 [14]. During these years, a smaller sample
of the general population was also selected, with reduced survey
content typically limited to the core set of questions and
measurements (height and weight).

Through the combination of a health interview and health
examination, data from the HSE can be used to investigate both
diagnosed and undiagnosed disease at a point in time; a key
strength therefore is that each sample is not selected based on
health care use [15].

Ethical Considerations
Each selected address for the HSE receives an advance letter
introducing the survey and informing recipients that an
interviewer will be visiting to request permission for an
interview. Individual interviews are conducted with adults who
give verbal informed consent. At the end of individual
interviews, participants are asked for agreement to a follow-up
visit by a trained nurse. Written consent is obtained for
collection of nonfasting blood samples. The advance letters and
information leaflets clearly state that participation in the survey
is voluntary. Participants are also informed that they may choose
not to answer specific questions, withdraw or stop at any time,
or refuse any particular measurement if they wish. Interviewers
and nurses will often repeat this information in their
introductions, when they are setting up appointments, and
throughout the interview as necessary. In fact, many individuals
choose not to participate in the survey. Others may refuse to
answer specific questions, discontinue the interview midway,
or decline physical measurements. It is also standard practice
to conduct interviews and nurse visits sometime after an
appointment has been made so that individuals have a chance
to reflect on their agreement before the appointment takes place.
The procedures used in the HSE to obtain informed consent are
very closely scrutinized by a National Health Service ethics
committee each year (complete details are available in the annual
HSE “Methods and documentation” reports). Information
leaflets and both the content and wording of questionnaires are
also carefully reviewed by the ethics committees.

The original data collection was approved each year by a
National Health Service research ethics committee. The present
analysis did not receive approval from a research ethics
committee. The secondary analysis did not need ethical
approval, as we used publicly available datasets [16-33]. The
authors had permission to use the data.

Creating a Harmonized Dataset

Selection of Participants for Inclusion
In the survey years including minority ethnic boost samples
(1999 and 2004), nurse visits were offered to participants in the

target minority ethnic groups only. As systolic BP (SBP, a
component of cardiovascular risk scores) was measured during
the nurse visit, the harmonized dataset does not include data
from the 1999 and 2004 surveys. In addition, we excluded data
from 2000 as the question on diagnosed diabetes was not
included (also a component of CVD risk), and we included only
those participants selected as part of the general population
sample in the boost year of 2002. Taken together, the datasets
covered 17 cross-sections of the adult population spanning the
20-year period from 1998 to 2017: these datasets are available
to registered users via the UK Data Service and were compiled
and appended to create the harmonized dataset [16-33].

CVD Risk Algorithms

Overview

Background

The predicted 10-year cardiovascular risk for HSE participants
was calculated using laboratory-based and non–laboratory-based
algorithms. Risk algorithms such as the Framingham Risk Score
and those developed in England and Wales using the QResearch
database are widely used in clinical and other settings to predict
the risk of a future CVD event based on a number of laboratory
results (eg, blood samples) and other demographic and
self-reported risk factors [34]. Non–laboratory-based algorithms,
based on physical examination and self-reported data, were
developed for use in low-resource environments where
laboratory-based measures may be difficult to obtain. In this
study, we selected the World Health Organization (WHO) [35]
and Globorisk [36,37] CVD risk algorithms for several reasons.
Both are “global” models, accounting for differences in levels
of CVD risk factors and event rates across populations, making
them applicable to low-, middle-, and high-income countries.
Both algorithms include the “traditional” CVD risk factors—age,
sex, SBP, current smoking, diabetes, total cholesterol, and
BMI—that are available in both the HSE and in South African
datasets such as the Demographic and Health Surveys and the
South Africa National Health and Nutrition Examination Survey,
thereby fitting in line with the objective of comparing health
transitions (using CVD risk as a case study) in these 2 countries.
Finally, the statistical code for both algorithms is openly
accessible to calculate the predicted 10-year CVD risk for
participants in health surveys such as the HSE.

Both algorithms calculate the predicted 10-year risk of CVD,
expressed as a proportion or a percentage, based on (1) an
individual’s risk factor profile (eg, age, current smoking status,
BP, total cholesterol, and diabetes history) and (2) the average
CVD risk in the target population based on population levels
of risk factors (obtained from national health surveys) and rates
of CVD. Model derivation and recalibration were performed in
both approaches in a broadly similar fashion. At the model
derivation stage, individual-level data from prospective cohort
studies were used to estimate hazard ratios (HRs) for each risk
factor; these quantify the proportional effect of risk factors on
CVD risk over the follow-up period. At the model recalibration
stage, average risk factor levels and annual CVD event rates
were reset to the levels observed in the target population to
bring predicted risks in line with observed risks [37].

JMIR Cardio 2025 | vol. 9 | e64893 | p.576https://cardio.jmir.org/2025/1/e64893
(page number not for citation purposes)

Scholes et alJMIR CARDIO

XSL•FO
RenderX

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


WHO Risk Score

The WHO algorithm predicts 10-year risk for the combined
outcome of fatal and nonfatal CVD based on the revised WHO
CVD risk models that have been recalibrated to reflect the
expected 10-year risk in contemporary populations in 21 Global
Burden of Disease (GBD) regions [35].

Risk prediction models were derived using individual participant
data (aged 40-80 years with no baseline CVD) from 85
prospective cohorts mostly from high-income countries in the
Emerging Risk Factors Collaboration. Follow-up was until the
first CVD event; outcomes were censored if cases were lost to
follow-up, died from non-CVD causes, or reached 10 years of
follow-up. Variables were considered for inclusion in the risk
models if they were known to predict CVD in diverse
populations, were available in recent national health surveys
for model recalibration within GBD regions, and could be
measured at a low cost in low- and middle-income countries.

A laboratory-based CVD model included age, current smoking
status, SBP, diabetes history, and total cholesterol; a
non–laboratory-based model replaced diabetes and total
cholesterol with BMI. Sex-specific models were fitted separately
for (1) coronary heart disease (CHD; fatal-plus-nonfatal
myocardial infarction or CHD death) and (2) fatal-plus-nonfatal
stroke outcomes to enable separate recalibration before
combination in a single equation for CVD [35]. HRs were
estimated using Cox proportional hazards models, stratified by
study and with duration (time-in-study) as the time scale.
Interaction terms allowed the proportional effects of risk factors
on the risk of CVD to vary by age (as evidence suggests that
their impact declines with age).

Models were then recalibrated to the contemporary
circumstances of the 21 GBD regions. The recalibration process
is broadly similar for the WHO and Globorisk algorithms and
involves resetting the average levels of risk factors and CVD
risk to the levels observed in the target population. The input
data and the steps involved in the model recalibration process,
drawing largely on the worked example by the Cohorts
Consortium of Latin America and the Caribbean [38], are
described as follows.

Input data for model recalibration comprises (1) an individual’s
risk factor profile (eg, age, sex, SBP, and current smoking
status); (2) region-, sex-, and age-specific mean risk factor levels
(eg, mean SBP and prevalence of current smoking); and (3)
region-, sex-, and age-specific annual rates of CVD events. For
the WHO algorithm, region-specific risk factor values were
estimated by averaging country-specific levels provided by the
Noncommunicable Disease Risk Factor Collaboration [39-43];
CVD incidence rates were obtained from the 2017 update of
the GBD study [44,45].

The following steps in the model recalibration process refer to
calculations performed separately for each year of follow-up
over a period of 10 years (year 0 to year 9). First, for each risk
factor, the difference (“distance”) is calculated between an
individual’s risk factor profile and the group-specific mean risk
factor levels. Second, for each risk factor, the distance is
multiplied by the main coefficient (log HR) of the corresponding

risk factor from the relevant (outcome-specific) Cox regression
model. Third, for the risk factors whose proportional effect on
the outcome varies by age, the distance (eg, individual SBP
minus population mean SBP) is multiplied by the coefficient
(log HR) of the interaction term and by the individual’s age (eg,
for someone aged 60 years at year 0 through to age 69 years at
year 9). Fourth, for each risk factor, the products obtained from
steps 2 and 3 are summed and then exponentiated to calculate
the risk factor–specific HR. Fifth, the risk-factor specific HRs
are multiplied to compute the joint HR. Sixth, the 1-year risk
of CVD is calculated as the product of the joint HR and the
group-specific annual CVD event rate. Seventh, the 1-year
survival is calculated as the exponential of the negative value
of the 1-year risk of CVD (eg, a 1-year CVD risk of 0.06
translates to a 1-year survival of exp(–0.06)=0.942).

In the eighth stage, the cumulative survival is calculated as the
product of the 1-year survival in year T and the survival in year
T–1. In the ninth and final stage, the cumulative CVD risk is
calculated as 1 minus the cumulative survival.

The cumulative CVD risk in the final year of follow-up (year
9) is the predicted absolute 10-year CVD risk. For example,
based on a survey participants’ risk factor profile, a CVD risk
of 9% can be interpreted as slightly less than a 1 in 10 chance
of having a CVD event in the next 10 years. To facilitate
interpretation, CVD risk scores are often categorized into groups
such as “very low” (<5%), “low” (5%-10%), “moderate”
(10%-20%), “high” (20%-30%), and “very high” (≥30%), and
these cutoffs are often used in applications to estimate the
proportion of individuals at high absolute CVD risk.

The individual risk factor components of the WHO CVD risk
scores and the HSE survey years available for the calculation
of CVD risk scores are summarized in Textbox 1.
Laboratory-based WHO CVD risk scores are calculated using
complete risk factor profile data on sex, age, current smoking
status, SBP, history of diabetes, and total cholesterol. (To be
comparable with South African data, diabetes status in this study
was defined using only self-reported physician-diagnosed
diabetes). The non–laboratory-based risk score replaces diabetes
and total cholesterol with BMI.

Calculation of CVD risk in our study was limited to participants
aged 40 to 74 years. Data on all components of the
laboratory-based risk score were available in 1998, 2003, 2006,
and from 2009 onward; all components of the
non–laboratory-based score were available in 1998, 2001 to
2003, and from 2005 onward. In 2006, participants aged ≥65
years were allocated at random to either (1) the CVD (including
diabetes) and short PA modules or (2) the long PA module but
not the CVD module. Adults aged 16-64 years completed both
the CVD and long PA modules. Herein, for the presentation of
CVD trends, components were set to missing for a small number
of participants with the following outlying values: SBP (<60
mm Hg or >270 mm Hg), height (<1.2 m or >2.2 m), weight
(men: <35 kg or >250 kg; women: <25 kg or >250 kg), BMI

(<10 kg/m2), and total cholesterol (<1.8 mmol/L or >20
mmol/L).
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Total (ie, fatal and nonfatal) CVD risk scores for participants
with valid data on all the relevant components (ie, complete
cases) were calculated using the Stata (version 18.0; StataCorp)
program whocvdrisk. A 10-year risk time was specified, with

Great Britain as the country code identifier (included in the
Western European GBD region) and the 2017 update of the
GBD study as the base for recalibration parameters.

Textbox 1. World Health Organization cardiovascular disease (CVD) risk scores calculated using Health Survey for England data.

Laboratory based (1998, 2003, 2006, and 2009-2017)

• Age (40-74 y)

• Sex

• Systolic blood pressure (SBP)

• Physician-diagnosed diabetes

• Current smoking

• Total cholesterol

Non–laboratory-based (1998, 2001-2003, and 2005-2017)

• Age (40-74 y)

• Sex

• SBP

• Current smoking

• BMI

Globorisk Score

The Globorisk algorithm calculates the predicted 10-year risk
of CVD (CHD or stroke).

Risk prediction models were derived using individual participant
data (aged ≥40 years with no baseline CVD, with a maximum
follow-up of 15 years) pooled from 8 prospective United
States–based cohorts. Cohort-specific models were developed
for (1) fatal CVD and (2) fatal-plus-nonfatal CVD (for countries
with available data on CVD incidence) using the same set of
risk factors as described in the WHO Risk Score section. HRs
were estimated using Cox proportional hazards models,
including interaction terms to allow for age and sex differences
in the effects of risk factors on CVD risk (eg, the estimated
associations of diabetes and smoking were observed to be
stronger in women) [36,37].

Using a similar process as described in the WHO Risk Score
section, models were then recalibrated by applying the risk
equation to national-level data on risk factor levels and CVD
event rates to calculate the predicted 10-year CVD risk.

The laboratory-based Globorisk score calculated the predicted
10-year risk of CVD in adults aged 40 to 74 years using age,
sex, SBP, diabetes (based on blood sugar levels or having a
history of diabetes), smoking status, and total cholesterol
[36,37]. The prediction was limited to those aged 40 to 74 years,
as this age range is commonly used for assessment of primary
prevention of CVD. The non–laboratory-based score replaces
diabetes and total cholesterol with BMI. Globorisk scores are
contemporarily recalibrated for the target country [36-38]; for
our study, we specified the population of Great Britain and the
baseline year of 2020 and calculated the risk scores for
fatal-plus-nonfatal CVD. Globorisk scores for HSE participants
were computed using the same analytical samples and risk factor

definitions as for the WHO algorithms and were calculated
using the R (version 4.2.2; R Foundation for Statistical
Computing) package Globorisk [46].

CVD Risk Score Components

Age

All adults (defined as aged ≥16 years in the HSE series) selected
in the general population sample in the relevant survey years,
who completed the health interview, were included in the
harmonized dataset. Since 2015, only categorical age (16-17
years, 18-19 years, and in 5-year intervals up to age ≥90 years)
has been provided in the end-user license (EUL) datasets to
preserve anonymity of participants. Continuous age (up to ≥90
years) was provided in the special license (SL) dataset for 2015
(SL data collections contain more detailed information than
EUL data). For participants in the HSE 2016-2017, age in our
study was set to the midpoint of categorical age (data under the
2016-2017 SL was not available at the time of writing this
manuscript).

Cigarette Smoking Status

Participants were asked whether they had ever smoked a
cigarette, and those who reported having ever smoked were
asked whether they smoked cigarettes at all nowadays.
Participants aged ≥25 years were asked about their smoking
behavior during the interview. In the HSE series, participants
are classified as current smokers, ex-smokers, or never smokers.
A binary smoking variable (current smoker or not current
smoker) was used in our study to calculate CVD risk.

Calculation of BMI

BMI data are derived from measured height and weight. Toward
the end of the interview, height was measured by trained
interviewers using a portable stadiometer with a sliding head
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plate, a base plate, and connecting rods marked with a measuring
scale. Participants were asked to remove their shoes. One
measurement (to the nearest even millimeter) was taken, with
participants stretching to the maximum height and the head
positioned in the Frankfort plane. For participants who were
not pregnant, a single weight measurement (to the nearest 100
g) was recorded using digital scales. Participants were asked to
remove their shoes and any bulky clothing or heavy items from
their pockets. Individuals who were unable to stand or were
unsteady on their feet were not measured. The participants who
weighed >130 kg (>200 kg since 2011) were asked for their
estimated weight due to concerns about the accuracy of the
scales above these levels. (Class III Seca scales were introduced
in the HSE 2011; these met a higher specification than previous
[class IV] scales and measure up to a maximum of 200 kg.)
Participants were assigned missing values if they were
considered by the interviewer to have unreliable measurements,
for example, those who were too stooped or wore excessive
clothing. Height and weight measurements were voluntary. A
sizeable and increasing number of participants had missing
anthropometric data; our own analyses of HSE 2003-2018 data
showed that the propensity to have missing values was
associated with older age, lower educational status, and fair,
bad, or very bad general health [47]. BMI was calculated as
weight in kilograms divided by height in meters squared, and
the WHO obesity classification was used to group participants
into mutually exclusive categories [48].

SBP Measurement

BP was measured during the nurse visit using standardized
protocols; Dinamap (Critikon) 8100 monitors were used before
2003, and Omron (Omron Healthcare Co Ltd) HEM 907 have
been used since. Dinamap readings were converted into Omron
readings using a regression equation based on a calibration study
[49]. Three BP readings were taken from each participant while
seated, at 1-minute intervals, using an appropriately sized cuff
on the right arm, if possible, after a 5-minute rest. Measurements
from participants who had exercised, eaten, drunk alcohol, or
smoked in the 30 minutes before measurements were recorded
as not valid. The mean of the second and third valid SBP
readings was used in our study.

Treatment for High BP

Use of antihypertensive medication is a component of the
Framingham Risk Scores [34]. Nurses recorded the details of
any classes of medication for high BP that participants reported
taking at the time of the survey. Since 2003, participants taking
medicines that lower BP were asked whether they were taking
the medicine because of a heart problem, high BP, or for some
other reason. Two different definitions of use of BP medicine
are therefore available [50]. First, participants can be classified
as being on treatment if the BP medicine they were taking was

prescribed specifically to treat their BP. Second, participants
can be classified as being on treatment if they were taking any
medicines commonly used to treat high BP, regardless of
whether the medicines were reported by the participant as being
prescribed for that reason. The former (more restrictive)
definition has been used in the HSE series from 2003 onward
to classify participants as having survey-defined hypertension
(ie, SBP ≥140 mm Hg or diastolic BP ≥90 mm Hg or taking
medicine prescribed for high BP) [51].

Diabetes

The item on physician-diagnosed diabetes was included in the
main interview in 1998, 2003, 2006 (all adults aged 16-64 years,
but a random half of those aged ≥65 years), and each year from
2009 onward. The interview made no distinction between type
1 and type 2 diabetes. In addition, HbA1c levels were measured
in nonfasting blood samples collected at the nurse visit. HbA1c

reflects average blood sugar levels over the previous 2 to 3
months and can therefore be used both to monitor diabetic
control in people with diagnosed diabetes and to detect
undiagnosed diabetes [52]. In the HSE series, HbA1c values
expressed as a percentage were available in 2003, 2005 to 2006,
and from 2008 onward; HbA1c levels reported in SI units of
mmol/mol were available from 2012 onward. The latter is
currently used in the annual HSE Adult Health reports to define
total diabetes, which is characterized by an HbA1c level of ≥48
mmol/mol (diagnostic of diabetes) or self-reported diagnosed
diabetes [53]. Due to changes in calibrators, HbA1c values were
adjusted upward from the fourth quarter of fieldwork for the
HSE 2013 onward to ensure comparability with earlier years.
In our analyses (not presented herein), HbA1c values expressed
as a percentage (nonoutlying values: between 2.5% and 24.9%)
were converted to mmol/mol values using a conversion equation
[54].

Total Cholesterol

Cholesterol levels were measured via nonfasting blood samples
taken at the nurse visit. Due to a change in calibrators,
cholesterol levels between 2011 and 2014 were adjusted
downward to ensure comparability with values from earlier
years. A further change in calibrators in 2015 resulted in
equivalence between the measurements in current years and
those before 2010.

Harmonized Variables to Adjust for Change in Measuring
Equipment

To avoid duplication of effort, we have provided variables in
the harmonized dataset that researchers can use to suitably adjust
for the changes over time in the machinery used in the HSE to
measure BP, total cholesterol, and HbA1c. These are shown in
Table 1.
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Table 1. Harmonized variables to adjust for changes in measuring equipment.

Harmonized variableAdjustmentsCVDa risk factor

BPb,c

omsysval8.90 + (Dinamap × 0.91)Systolic BP

omdiaval19.78 + (Dinamap × 0.73)Diastolic BP

cholval13Unadjusted minus 0.1 mmol/LTotal cholesterold

HbA1c
e(mmol/mol)f

glyhb2_h16-41: +1 mmol/molLower range

glyhb2_h42-68: +2 mmol/molMiddle range

glyhb2_h≥69: +3 mmol/molHigher range

aCVD: cardiovascular disease.
bBP: blood pressure.
cBlood pressure was measured using standardized protocols with the use of Dinamap (Critikon) 8100 monitors before 2003 and Omron (Omron Healthcare
Co Ltd) HEM 907 from 2003 onward. In the creation of the harmonized dataset, the pre-2003 Dinamap values were converted to Omron values using
previously published regression equations based on a calibration study that derived predicted Omron readings from the observed Dinamap readings
[49].
dNew analytical equipment was introduced in April 2010 and June 2015 by the laboratory that carried out the analyses on the blood samples taken
during the nurse visit, which resulted in a slight change in the reference range for total cholesterol. For the harmonized dataset, the laboratory values
were adjusted downward by 0.1 mmol/L to be comparable to the values before April 2010. For the new equipment introduced post 2015, the laboratory
values were on average 0.1 mmol/L lower than the equipment used between 2010 and 2015; hence, no adjustment was needed to be comparable to the
values before April 2010 [55].
eHbA1c: glycated hemoglobin.
fA new calibration lot for the processing of glycated hemoglobin was introduced in September 2013. Comparisons by the manufacturer indicated that
the new machinery produced lower values, necessitating upward adjustment to be comparable with values before the change in equipment [55].

Explanatory Variables for Changes in CVD Risk Over Time

Socioeconomic Status

Measures of individual-level socioeconomic status (SES)
included educational status, social class, and household income.
Educational status was classified into 4 categories according to
the highest educational qualification: (1) university degree or
equivalent, (2) A level or diploma, (3) O level, General
Certificate of Secondary Education, or vocational equivalent,
and (4) none. The occupational (social) class was determined
using the registrar-general’s classification (professional,
managerial technical, skilled nonmanual, skilled manual,
semiskilled manual, unskilled manual, unemployed, and other
or not fully described). The household reference person reported
annual gross household income from all sources via a showcard
with 31 income categories. Household income was equivalized
by considering the number of adults and dependent children in
the household (McClements scale [56]); households were
divided into quintiles. Tenure, availability of a car, and number
of cars normally available for use by household members are
also included as other measures of individual-level SES.

Area-level SES was classified in the HSE datasets (from 2001
onward) according to the index of multiple deprivation (IMD).
This is a composite index of relative deprivation at lower-layer
super output area (LSOA) level, based on 7 domains of
deprivation: (1) income, (2) employment, (3) health deprivation
and disability, (4) education, skills, and training, (5) barriers to
housing and services, (6) crime and disorder, and (7) living
environment. LSOAs comprise between 400 and 1200
households and typically contain a resident population between

1000 and 3000 persons. LSOA boundaries remain fixed over
time, ensuring that values of the IMD are comparable over time.
National quintiles of area deprivation are created through
ranking LSOAs according to their deprivation score. The
postcode address of responding households in each survey was
linked to the LSOA, which was then used to determine the
corresponding deprivation quintile. The IMD was first included
in the HSE 2004 dataset and was updated in 2007, 2010, and
2015; the HSE datasets available at the UK Data Service (and
the harmonized dataset compiled for our study) contain the
version of the IMD that was current at the time of each survey.

Behavioral Risk Factors: PA and Alcohol

In the HSE series, questions on PA assessed frequency (number
of days spent doing a specified activity in the last 4 weeks) and
duration (of an average episode lasting above a specified bout
duration limit) in 4 leisure-time domains: domestic activity,
do-it-yourself or manual work, walking, and sports or exercise.
In the reporting of trends, PA undertaken while at work is also
considered in the estimation of summary activity levels for HSE
reports. PAs are classified into intensity levels (light, moderate,
and vigorous) based on an estimate of the energy expenditure
associated with each activity.

Changes in the PA questions (reflecting changes over time in
policy recommendations, namely, the reference period for bouts
of activities to report) have restricted the meaningfulness of
comparisons over time to some extent. The lower duration limit
for an activity to be included was 15 minutes in 1998 and 2006;
30 minutes in 2003 (15 minutes for sports and exercise); and
10 minutes in 2008, 2012, and 2016. A single question on
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occupational PA (“Thinking about your job, in general would
you say that you are very physically active, fairly physically
active, not very physically active, or not at all physically
active?”) was asked in 2003 and 2006; more detailed questions
introduced in 2008 (repeated in 2012 and 2016) focused on
what people actually do at work (eg, climbing stairs or ladders,
lifting, and carrying or moving heavy loads) and how many
hours they typically work.

To maximize the trend series, we derived a variable
summarizing the number of days per week that participants
undertook PA of at least moderate intensity for a minimum
duration of 30 minutes. For those participants who reported that
they were very or fairly active in their job, arbitrary estimates
of 12 or 20 working days in the last 4 weeks (3 or 5 days per
week, respectively) were used, depending on whether the
participant worked part time or full time, to assess levels of PA
while at work.

The main interview included questions on the number of
drinking days in the last week (collected in all years), alcohol
consumption (type and quantity) on the heaviest drinking day
in the last week (all years), and average weekly drinking over
the past 12 months (2011 onward). Information on the type and
quantity of drinks consumed were used to estimate alcohol unit
consumption using a method of conversion detailed elsewhere
[57]. The applied conversion factors were revised in 2006 to
2007 to account for changes to the drinking environment.
Alcohol units were categorized to represent consumption on
the heaviest drinking day relative to recommended daily limits
at the time of the survey (>3 units for women and >4 units for
men); binge drinking was defined as drinking twice the
recommended daily limits (>6 units for women and >8 units
for men) [58]. Additional variables classified participants
according to whether they drink alcohol nowadays (2 categories:
nondrinker and current drinker; 3 categories: never, former, and
current drinker).

General Health and Long-Standing Illness

Participants were asked to rate their health in general (response
options: very good, good, fair, bad, and very bad).
Long-standing illnesses were also reported in the survey. Before
2012, the question on long-standing illness referred to “an
illness, disability or infirmity...that has troubled you over a
period of time or that is likely to affect you over a period of
time.” Since 2012, long-standing illness is defined as “any
physical or mental health condition or illness lasting or expected
to last 12 months or more.”

Diagnosed CVD Conditions

The HSE surveys for 1998, 2003, 2006, 2011, and 2017 had a
specific focus on CVD. During the interview, adults were asked
a series of questions about whether they had ever been diagnosed
with certain specified CVDs, and if so, whether the diagnosis
had been made by a physician. The specified conditions included
angina, myocardial infarction, stroke, abnormal heart rhythm,
a heart murmur or “other cardiovascular condition.” No attempt
was made to verify these self-reported diagnoses. Therefore, it
is possible that some misclassification may have occurred
because some participants may not have remembered, or may
have misremembered, the diagnosis made by their physician.

Use of Medicines

At the nurse visit, participants were asked the following: “Are
you taking or using any medicines, pills, syrups, ointments,
puffers or injections prescribed for you by a doctor or nurse?”
Those who did were then asked the name of each prescribed
item. In most cases, participants showed the nurse the actual
medicine pack. These were coded by the nurse into medicine
classes based on the subsections of the British National
Formulary. Up to 22 medicines could be recorded (this has
recently increased to 32). For each medicine, a follow-up
question asked whether they had taken or used that medicine
in the last 7 days. Variables on the use of CVD medicines,
lipid-lowering medicines, and BP-lowering medicines are
provided in the harmonized dataset.

Pregnancy Status

At the nurse visit, women aged 16 to 49 years were asked
whether they were pregnant at the moment.

Contraceptive Use

Some questions were completed by the participants in paper
self-completion questionnaires. In the HSE 1998, 2001 to 2003,
and 2005 to 2006, this included questions for women on whether
they had ever taken the contraceptive pill or had a contraceptive
injection or implant. Those replying yes were asked whether
they were currently taking the contraceptive pill or having a
contraceptive injection or implant. On the basis of these 2
questions, we created a three-category variable distinguishing
between women who reported that they (1) had never taken the
contraceptive pill or had a contraceptive injection or implant,
(2) had ever taken but were not currently taking the
contraceptive pill or having a contraceptive injection or implant,
and (3) those currently taking the contraceptive pill or having
a contraceptive injection or implant. In addition, the current use
of oral contraceptives was recorded each year at the nurse visit
in the use of medicines section.

Other Variables

Other sociodemographic variables compiled in the harmonized
dataset included marital status (single, married, separated,
divorced, widowed, and cohabitees), ethnic group (White, Black,
Asian, mixed, and other), government office region (GOR:
North East, North West, Yorkshire and the Humber, East
Midlands, West Midlands, East of England, London, South
East, and South West), an urban or rural indicator, and receipt
of various means-tested state benefits (eg, Income Support and
Housing Benefit).

Sampling Design Information (Primary Sampling Units,
Strata, and Weights)

Using the small-user Postcode Address File as the sampling
frame, a 2-stage stratified random sampling process was used
to select each year’s general population sample. First, a random
sample of primary sampling units (PSUs), based on postcode
sectors, was selected, with probability proportional to the total
number of addresses. Stratification was performed by ordering
the PSUs according to local authority, and within each local
authority by the percentage of households in the last census
where the head of household was in a nonmanual occupation.
The list of PSUs was then sampled at fixed intervals from a
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random starting point. Second, a random sample of a fixed
number of addresses was then drawn from each PSU, ensuring
a self-weighted design in which every eligible participant had
the same probability of selection.

Each pair of PSUs in the ordered list was assigned to the same
stratum. Since 2006, the Taylor series method (linearization)
has been used in annual HSE reporting for variance estimation
using the PSU and stratum identifiers. For the analyses of data
pooled over several years, GOR has often been used as an
alternative stratification variable.

In 2003, weighting the general population adult sample for
nonresponse was introduced for the first time in the HSE series
[59]. The nonresponse weights take account of nonresponse at
4 levels: household response, individual response to the
interview, individual response to the nurse visit, and individual
response to the collection of blood samples. The harmonized
dataset includes the relevant interview, nurse, and blood sample
weights for each survey year from 2003 onward. These weights
are scaled so that their sum over the relevant set of participants

equals the unweighted sample size (resulting in an average
weight of 1); the weighting variables before 2003 were assigned
the value 1.

Results

Analytical Samples
A total of 190,905 adults (aged ≥16 years) from the general
population samples completed the health interview between
1998 and 2017 (Figures 1 and 2). The harmonized dataset
excludes the participants in the boost years of HSE 1999, 2000,
and 2004 (22,490/190,905, 11.78%) but includes the boost
sample of adults aged ≥65 years in HSE 2005 (2673/193,578,
1.38%), resulting in a provided dataset of 88.38%
(171,088/193,578) adults. Excluding the boost sample of adults
aged ≥65 years in HSE 2005 for this study produced a dataset
of 168,415 (nonboost sample) adults, of which 75,980 (45.12%)
were excluded from the analyses due to falling outside the age
range of 40 to 74 years.
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Figure 1. Flowchart of participants included in the estimation of changes over time in cardiovascular disease (CVD) risk (laboratory-based
scores).*Allocated to physical activity module; **allocated to CVD (including diabetes) module.
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Figure 2. Flowchart of participants included in the estimation of changes over time in cardiovascular disease (CVD) risk (non–laboratory-based scores).

Missing Data on CVD Risk Scores
As shown in Figures 1 and 2, in the years when all CVD risk
components were included in the survey, a sizeable number of
adults aged 40 to 74 years were excluded from the analyses due
to missing data on at least 1 risk component (30,801/92,435,
33.32% and 26,458/60,090, 44.03% for the
non–laboratory-based and laboratory-based risk scores,
respectively). The calculation of CVD risk scores requires
complete (ie, nonmissing) risk factor information. As SBP is a
component of both algorithms, inclusion in the analytical
samples for calculating CVD risk is contingent on participants
having participated in the nurse-visit stage of the survey and
having their BP measured. In addition, as total cholesterol is a
component of the laboratory-based scores, inclusion in this
analytical sample is contingent on participants providing a
nonfasting blood sample. Nonparticipation in the nurse visit
and blood sample collection is therefore the main driver for the

amount of missing data shown in the final stage of the flowcharts
provided in Figures 1 and 2. An additional factor contributing
to missing data for the non–laboratory-based scores is missing
BMI data, due to refusals to undergo weight measurement during
the health interview.

For the participants with complete and valid (ie, nonoutlying)
data on each individual risk component, laboratory-based and
non–laboratory-based 10-year CVD risk scores were calculated
(33,628/60,090, 55.96% and 61,629/92,435, 66.67% participants
aged 40 to 74 years, respectively). On the basis of unweighted
data, the mean age of participants with laboratory-based scores
was 56.1 (SD 9.8) years; 54.11% (18,197/33,628) of the
participants were female. The sociodemographic profile was
similar for those with non–laboratory-based scores.
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Analysis Plan
Analyses were performed separately by sex, given notable
differences in CVD risk. These were conducted using Stata
(version 18.0; StataCorp) with survey analysis procedures to
account for the complex survey design (PSUs; GOR [strata];
and appropriate nonresponse weights, ie, nurse weights for the
non–laboratory-based sample and blood sample weights for the
laboratory-based sample).

For each survey year, we estimated the percentages (diagnosed
diabetes and current smoking) and means of the individual risk

components and the mean predicted 10-year risk of CVD
(Figures 3 and 4). Wald tests were performed to test the null
hypothesis of no change in the mean predicted 10-year risk of
CVD between the first and last survey periods (1998 and 2017,
respectively). Linear trends in CVD risk were tested using linear
regression, with the predicted risk score as the outcome and
survey year (continuous variable) as the independent variable.
Statistical tests were 2-sided, and P<.05 was considered
statistically significant.

Figure 3. A 10-year cardiovascular disease (CVD) risk score (laboratory based) and its components by survey year and sex. SBP: systolic blood
pressure; TC: total cholesterol; WHO: World Health Organization.
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Figure 4. A 10-year cardiovascular disease (CVD) risk score (non–laboratory-based) and its components by survey year and sex. SBP: systolic blood
pressure; WHO: World Health Organization.

Trends in CVD Risk
The mean predicted 10-year CVD risk declined significantly
over the last 2 decades in both sexes (for Wald tests, all P≤.001;
for linear trend, all P<.001; Table 2). In men, the mean of the
laboratory-based WHO risk score was 10.1% (SE 0.2%) and
8.4% (SE 0.2%) in 1998 and 2017, respectively; corresponding

figures in women were 5.6% (SE 0.1%) and 4.5% (SE 0.1%).
In men, the mean of the non–laboratory-based WHO risk score
was 9.6% (SE 0.1%) and 8.9% (SE 0.2%) in 1998 and 2017,
respectively; corresponding figures in women were 5.8% (SE
0.1%) and 4.8% (SE 0.1%). Globorisk risk scores were lower
in absolute terms, but the pattern of change was very similar
(for linear trend, all P<.001).
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Table 2. Estimated linear trend in 10-year cardiovascular disease risk, Health Survey for England data (1998-2017).

GloboriskWHOa

P valueβ (%; 95% CI)P valuecβ (%b; 95% CI)

Laboratory based

<.001–0.05 (–0.06 to –0.05)<.001–0.09 (–0.11 to –0.07)Men

<.001–0.04 (–0.04 to –0.03)<.001–0.06 (–0.08 to –0.05)Women

Non–laboratory based

<.001–0.02 (–0.03 to –0.02)<.001–0.04 (–0.06 to –0.03)Men

<.001–0.03 (–0.04 to –0.03)<.001–0.06 (–0.07 to –0.05)Women

aWHO: World Health Organization.
bLinear trends in CVD risk were tested using linear regression (accounting for the complex survey design), with the risk score as the outcome and survey
year (continuous variable) as the predictor. The slope (β coefficient) represents the estimated annual decrease in the mean 10-year CVD risk (in absolute
terms, expressed as a percentage). For example, for the laboratory-based WHO algorithm, the estimated annual decrease in the predicted 10-year CVD
risk for men was 0.09% (eg, from 9.94% in 1998 to 9.85% in 1999).
cP value for linear trend.

Trends in CVD Risk Components
The significantly declining linear trends in the mean predicted
10-year CVD risk reflected the net effect of diverging trends in
its risk components. On the one hand, the data showed
significant declines between the first and last survey periods in
mean SBP (2017 vs 1998: declines of 8 mm Hg and 10 mm Hg
in men and women, respectively), mean total cholesterol (0.6
mmol/L and 0.5 mmol/L), and lower levels of current smoking
(decrease of 5 percentage points [PPs] in women; for Wald tests,
all P≤.001; except P=.002 for smoking in women).
Simultaneously, significant increases occurred in mean BMI

(2017 vs 1998: increases of 1.1 kg/m2 and 1.0 kg/m2 in men
and women, respectively) and levels of diagnosed diabetes (6
PPs and 3 PPs in men and women, respectively; for Wald tests,
all P≤.001).

Discussion

Principal Findings
As CVDs remain the leading cause of death globally, using
nationally representative health surveys from a high-income
country such as England to model temporal trends in CVD risk
can provide guidance for middle-income countries such as South
Africa to inform where best to intervene and direct resources
to reduce disease burden.

Modeling temporal trends in CVD risk requires pooling annual
cross-sectional health surveys. Compiling and appending data
from repeated cross-sectional surveys to enable such modeling
is a daunting task due to changes in aspects such as survey
content, question wording, inclusion of boost samples,
weighting, measuring equipment, and guidelines for data
protection. While data harmonization across aging cohorts such
as the US Health and Retirement Study and the English
Longitudinal Study of Ageing has benefitted enormously from
the efforts of the Gateway to Global Aging team (including the
production of harmonized datasets) [60], no such platform exists
to enable researchers to harmonize data across repeated
cross-sections of health examination surveys such as the HSE.

In this manuscript, we have documented the methods and
procedures used to painstakingly compile the harmonized dataset
based on 17 years of separate HSE datasets spanning 2 decades
(1998-2017), including a description of how we calculated the
predicted 10-year risk of CVD using the WHO [35] and
Globorisk [36-38] CVD risk algorithms.

In our presentation of early results, we showed significant
declines over time in the mean predicted 10-year total (ie, fatal
and nonfatal) CVD risk in both sexes, suggesting an
improvement in cardiovascular health at the population level,
consistent with modeling studies in England pointing to the role
of increased prevention and treatment [61,62]. The observed
trends in CVD risk reflect the net effect of divergent trends in
its risk components, namely, significant declines in average
levels of SBP, total cholesterol, and current smoking (women
only), with simultaneous increases in mean BMI and diagnosed
diabetes. This complex pattern of temporal trends in the
individual CVD risk components agrees with other studies using
HSE data over the same period [63].

Implications of Our Findings
In the later stages of the EXPOSE study, more complex
regression techniques will be used to compare trends in CVD
risk between South Africa and England and empirically test the
relative contributions of a wide set of factors that may explain
those trends, including demographic, behavioral, social,
environmental, and health care–related aspects. How the findings
of this study apply to different countries is likely to be
influenced by socioeconomic structures and health care systems
(eg, access to health care is free at the point of use in the United
Kingdom). Bearing this caveat in mind, our initial findings on
the significant declines in 10-year CVD risk over 2 decades,
accompanied by the conflicting trends in its modifiable risk
components, can be leveraged to inform public health policy
and interventions in the United Kingdom and in low- and
middle-income countries such as South Africa with high CVD
burdens.

First, our descriptive analyses show that the significant declines
in the predicted 10-year risk for CVD may be attributable in

JMIR Cardio 2025 | vol. 9 | e64893 | p.587https://cardio.jmir.org/2025/1/e64893
(page number not for citation purposes)

Scholes et alJMIR CARDIO

XSL•FO
RenderX

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


large measure to population-level declines in cigarette smoking
and in mean levels of BP and total cholesterol. In the absence
of increasing levels of diagnosed diabetes and BMI, predicted
risk would have declined at a stronger pace.

Second, the favorable trends in CVD risk demonstrates the
population-level gains in cardiovascular health that are
achievable through implementing a wide range of
population-based public health primary and secondary
prevention approaches. These include (1) policy and regulatory
measures (eg, tobacco taxation and antismoking legislation,
including smoke-free workplaces and public places); (2) public
health campaigns promoting awareness about lifestyle behaviors
(eg, diet and exercise); and (3) improvements in the early
detection and management of CVD-related conditions such as
hypertension, dyslipidemia, and diabetes through initiatives
such as the National Health Service Health Check program and
financial incentivization of general practices in screening for
individual CVD risk factors (eg, increasing use of
antihypertensive medicines and statins). Building on these
successes, low- and middle-income countries could adopt similar
approaches, adjusting for local socioeconomic and cultural
contexts.

Third, evidence on the increasing levels of diagnosed diabetes
and BMI shows that substantial challenges remain in reducing
the CVD burden, and this can be used to leverage the expansion
of prevention efforts to include combined lifestyle interventions
to improve diets, levels of PA, and achieve sustained weight
loss.

Finally, our study demonstrates the availability of long-standing,
high-quality, nationally representative health examination survey
data in high-income countries such as England to monitor
population trends in CVD risk and its components, offering
valuable evidence to inform public health policy, guide resource
allocation, design targeted prevention strategies, and assess their
effectiveness. Building similar capacity in population health
surveillance in low- and middle-income countries is a major
challenge due to factors such as budgetary constraints [64], but
such investment would greatly contribute to identifying priorities
for CVD prevention and evaluating the success of interventions.

Strengths and Limitations
Our study uses high-quality data on the individual components
of CVD risk, including objective measurements of BP, total
cholesterol, and BMI, which avoids the potential inaccuracies

of self-reported measures. Participants from health examination
surveys such as the HSE are not selected on the basis of health
care use, thereby increasing representativeness and avoiding
selection bias to some extent. The harmonized dataset covers a
time span of 2 decades, enabling modeling of temporal trends
in CVD risk and investigation of which factors explain the
trends. Area-level variables such as relative deprivation and
urbanicity are also provided with the dataset, permitting analysis
of contextual effects.

Although the authors of this study have considerable experience
in collecting and analyzing HSE data, creating a harmonized
dataset was a daunting task. The accuracy of variable derivation
(eg, appropriate recoding to ensure congruence of the values
across datasets) was checked by comparing estimates with the
available trend tables published in annual HSE reports. We hope
that the dissemination of our methods and procedures as well
as the provision of code for harmonizing and appending the
annual datasets will support future efforts by the wider research
community.

Limitations of our study include increasing levels of
nonresponse and reliance on complete case analyses in our
presentation of early results (possibly biasing results). As
mentioned earlier, the calculation of CVD risk scores requires
complete (ie, nonmissing) risk factor information, and this
approach is consistent with the model derivation stage of
algorithms such as the WHO and Globorisk, which excluded
participants with missing data on any of the selected risk factors.

As age in single-year intervals is no longer provided on the EUL
datasets (to preserve the anonymity of participants), the
calculation of predicted CVD risk using the midpoint of
categorical age (in 5-year intervals) for participants in HSE
2016 to 2017 has inevitably reduced precision to some extent.
A final limitation of our study is the cross-sectional nature of
the HSE design, which prevents any validation of the risk
algorithms (in the absence of appropriate data linkages).

Conclusions
Monitoring temporal trends in predicted CVD risk and its risk
factors at the population level is vital to support prevention
efforts. Alongside evidence from longitudinal databases,
harmonized data from repeated cross-sectional nationally
representative health surveys can be used to identify and
quantify the drivers of recent changes in CVD risk.
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Abstract

Background: Heart failure management involves comprehensive lifestyle modifications such as daily weights, fluid and sodium
restriction, and blood pressure monitoring, placing additional responsibility on patients and caregivers, with successful adherence
often requiring extensive counseling and understandable patient education materials (PEMs). Prior research has shown PEMs
related to cardiovascular disease often exceed the American Medical Association’s fifth- to sixth-grade recommended reading
level. The large language model (LLM) ChatGPT may be a useful tool for improving PEM readability.

Objective: We aim to assess the readability of heart failure–related PEMs from prominent cardiology institutions and evaluate
GPT-4’s ability to improve these metrics while maintaining accuracy and comprehensiveness.

Methods: A total of 143 heart failure–related PEMs were collected from the websites of the top 10 institutions listed on the
2022‐2023 US News & World Report for “Best Hospitals for Cardiology, Heart & Vascular Surgery.” PEMs were individually
entered into GPT-4 (version updated July 20, 2023), preceded by the prompt, “Please explain the following in simpler terms.”
Readability was assessed using the Flesch Reading Ease score, Flesch-Kincaid Grade Level (FKGL), Gunning Fog Index,
Coleman-Liau Index, Simple Measure of Gobbledygook Index, and Automated Readability Index. The accuracy and
comprehensiveness of revised GPT-4 PEMs were assessed by a board-certified cardiologist.

Results: For 143 institutional heart failure–related PEMs analyzed, the median FKGL was 10.3 (IQR 7.9-13.1; high school
sophomore) compared to 7.3 (IQR 6.1-8.5; seventh grade) for GPT-4’s revised PEMs (P<.001). Of the 143 institutional PEMs,
there were 13 (9.1%) below the sixth-grade reading level, which improved to 33 (23.1%) after revision by GPT-4 (P<.001). No
revised GPT-4 PEMs were graded as less accurate or less comprehensive compared to institutional PEMs. A total of 33 (23.1%)
GPT-4 PEMs were graded as more comprehensive.

Conclusions: GPT-4 significantly improved the readability of institutional heart failure–related PEMs. The model may be a
promising adjunct resource in addition to care provided by a licensed health care professional for patients living with heart failure.
Further rigorous testing and validation is needed to investigate its safety, efficacy, and impact on patient health literacy.

(JMIR Cardio 2025;9:e68817)   doi:10.2196/68817
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Introduction

Heart failure affects approximately 1%‐2% of adults globally,
with an estimated prevalence of 64 million people [1]. Treatment
involves extensive patient adherence to lifestyle modifications
such as daily weights, fluid and sodium restriction, and rigorous
guideline-directed medication regimens. Altogether, these
interventions attempt to prevent disease progression and hospital

admissions, which drive most of the financial burden ($39.2-$60
billion) related to the disease [2]. Due to the complex degree of
self-management required by patients with heart failure,
improving patient education and health literacy may play a
crucial role in improving outcomes [3,4].

In the United States, the average adult’s reading comprehension
level is approximately seventh to eighth grade proficiency [5],
resulting in the American Medical Association (AMA)
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recommendation of written patient education materials (PEMs)
being at a fifth- to sixth-grade reading level [6]. However, a
2019 readability analysis of cardiovascular disease–related
PEMs reported that the mean reading level of materials was
tenth grade, comparable to that of a high school sophomore [7].
Inadequate health literacy has been associated with increased
relative risk of emergency department visits, hospitalizations,
and mortality for patients with heart failure [4,8], highlighting
the need for accessible, readable, and high-quality PEMs.

ChatGPT is a large language model (LLM) that is gaining
widespread public adoption [9]. With an increasing number of
patients seeking health information online [10], the model has
the potential to enhance patient health education and address
the complexity of heart failure–related PEMs. As ChatGPT’s
acceptance and usage have increased, initial research involved
evaluating the model’s accuracy and reliability. Several studies
have shown that ChatGPT provides appropriate, accurate, and
reliable knowledge across a wide range of cardiac and
noncardiac medical conditions, including heart failure [11-16].
In addition to accuracy, ChatGPT has been found to deliver
more empathetic responses to real-world patient questions than
physicians in online forums [17]. As prior data regarding
accuracy have been promising, an emerging focus has been on
investigating the readability of the model’s output.

Prior studies have shown ChatGPT provides accurate and
comprehensive responses to questions related to heart failure,
and another demonstrated its responses were at a college reading

level, highlighting the need for further assessment of the
readability of GPT’s outputs [12,18]. Similarly, another study
examining GPT-4’s responses related to amyloidosis showed
that while responses were often accurate and comprehensive,
the average readability of responses ranged from a grade level
of 10.3 (high school sophomore) to 21.7 (beyond graduate
school) [16]. We aim to expand on the previous literature by
assessing the readability of heart failure–related online PEMs
from renowned cardiology institutions, assessing GPT-4’s ability
to improve the readability of these PEMs, and comparing the
accuracy and comprehensiveness between institutional PEMs
and GPT-4’s revised PEMs.

Methods

Institutional Patient Education Materials
There were 143 PEMs (Multimedia Appendix 1 and Figure 1)
related to heart failure collected in July 2023 from the top 10
ranked cardiology institutions (deidentified) listed on the
2022‐2023 US News & World Report website as “Best
Hospitals for Cardiology, Heart & Vascular Surgery.” These
PEMs include frequently asked questions (FAQs) presented as
text descriptions of various aspects of heart failure such as
causes, symptoms, medications, and procedures. Duplicate
institutional PEMs were included since education materials
varied between institutions, and readability of each PEM was
the primary outcome of interest.
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Figure 1. Diagram of institutional heart failure–related PEM curation, revised GPT-4 PEM generation, and subsequent assessment of readability,
accuracy, and comprehensiveness. Created in BioRender [19]. FAQ: frequently asked question; PEM: patient education material.
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GPT-4 Response Generation
Each institution’s PEMs were entered into GPT-4 (version
updated July 20, 2023), preceded by the prompt, “Please explain
the following in simpler terms.” GPT-4 was accessed using the
OpenAI website interface. Default model settings were used
(temperature, max tokens, etc). The “new chat” function was
used for each PEM, thus creating a new conversation without
a record of prior inputs. Materials containing nontext
components (images or videos) were excluded.

Readability Assessment
The readability of institutional PEMs and GPT-4’s revised PEMs
were then assessed using the following validated formulas:
Flesch Reading Ease (FRE) score [20], Flesch-Kincaid Grade
Level (FKGL) [21], Gunning Fog Index [22], Coleman-Liau
Index [23], Simple Measure of Gobbledygook (SMOG) Index
[24], and Automated Readability Index [25]. The FRE score,
measured on a scale of 0 to 100, indicates a text with a higher

score has better ease of understanding. The remaining formulas
directly translate a score into its corresponding US reading grade
level, such as a score of 10 translating to a tenth-grade reading
level. These metrics derive their scores from the mean length
of sentences and words used in a given text. In contrast to the
FRE, lower scores in the other formulas correspond to an easier
level of understanding. The readability formulas were assessed
using the Textstat library in Python (Python Software
Foundation) and the Textstat readability package in R software
(R Foundation for Statistical Computing).

Accuracy and Comprehensiveness
Accuracy and comprehensiveness of GPT-4’s revised PEMs
(Multimedia Appendix 1) were assessed as secondary outcomes
by an actively practicing board-certified cardiologist at a tertiary
academic medical center. The reviewer was not blinded during
grading. The reviewer used the following grading scale in
Textbox 1 when grading the original institutional PEMs and
revised GPT-4 PEMs.

Textbox 1. Grading scale used by reviewer.

“Compared to the institutional PEM, the GPT-4 revised PEM is”:

1. Less accurate

2. Equally accurate

3. More accurate

“Compared to the institutional PEM, the GPT-4 revised PEM is”:

1. Less comprehensive

2. Equally comprehensiveness

3. More comprehensive

Statistical Analysis
Descriptive statistics are presented as medians and IQRs.
Readability metrics for institutional PEMs and GPT-4’s revised
PEMs were compared using the Mann-Whitney U test. Further
subanalysis was performed investigating the proportion of PEMs
meeting the sixth-grade reading level recommendation by the
AMA among institutional PEMs and GPT-4’s revised PEMs.
Statistical analysis was conducted using SPSS (version 29; IBM
Corporation).

Ethical Considerations
The data collection process in this observational study did not
involve patients and did not require the deidentification or
protection of data. Therefore, no institutional review board
approval was sought.

Results

Readability Assessment
Readability analysis revealed GPT-4’s revised PEMs were
significantly more readable compared to institutional PEMs
across all 6 metrics (P<.001) (Figure 2). The FRE score
increased from a median institutional score of 48.6 (IQR
38.0-63.3; P<.001; hard-to-read text, college reading level) to
72.2 (IQR 66.2-77.5; P<.001; fairly easy-to-read text,

seventh-grade level) after GPT-4 revision [20]. The FKGL also
saw improvement, decreasing from an institutional median
reading level of tenth grade (IQR 7.9-13.1; P<.001) to seventh
grade (IQR 6.1-8.5; P<.001) after GPT-4 revision. Furthermore,
the institutional Automated Readability Index of 11.2 (IQR
7.7-14.5; P<.001) improved to 8.3 (IQR 6.7-9.3; P<.001) after
GPT-4 revision. The other readability metrics (Gunning Fog
Index, Coleman-Liau Index, and SMOG Index) also showed
improved scores after GPT-4 revision: 9.8 (IQR 8.5-11.1;
P<.001), 8.9 (IQR 8.1-10.0; P<.001), and 9.6 (IQR 8.5-10.7;
P<.001), respectively, compared to the median institutional
scores of 13.1 (IQR 10.6-16.2), 12.3 (IQR 10.1-14.5), and 12.2
(IQR 10.3-14.6). Before GPT-4 revision, 9.1% (13/143) of
institutional PEMs met the AMA’s recommended sixth-grade
reading level (Table 1). However, after GPT-4’s revision, 23.1%
(33/143) of PEMs met the sixth-grade recommendation. On
average, GPT-4 revision led to a 3.6 reading grade level
reduction.

An example of this simplification in reading level was seen
when describing different types of heart failure. The institutional
PEM described right-sided heart failure as most often resulting
from left-sided heart failure due to increased pressure from the
left ventricle not propelling blood to the rest of the body.
However, GPT-4 provided a more basic explanation using an
analogy of ventricles being small rooms and gave a more
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simplified explanation of right-sided heart failure as a result of
left-sided heart failure. In another example, when explaining
the various causes of heart failure, one institutional PEM
provided a list of etiologies such as “heart valve disease” or

“coronary artery disease” without a description, compared to
GPT-4, which more thoroughly described the role of each cause
in relation to heart failure in simple language.

Figure 2. Box and whiskers plot of median readability scores across 5 metrics including Automated Readability Index, Coleman-Liau Index,
Flesch-Kincaid Grade Level, Gunning Fog Index, Simple Measure of Gobbledygook (SMOG) Index for institutional and GPT-4’s revised PEMs. PEMs:
patient education materials. * P<.05.

Table . Comparison of the proportion of patient education materials (PEMs) meeting the American Medical Association’s (AMA) recommended
sixth-grade reading level between institutional and GPT-4’s revised PEMs.

Percent meeting AMA recommenda-
tion

≥Sixth-grade reading level≤Sixth-grade reading level

9.1013013Institutional Flesch-Kincaid Grade
Level

23.1011033GPT-4 Flesch-Kincaid Grade Level

Accuracy and Comprehensiveness
Following review by a board-certified cardiologist, 33 out of
143 (23.1%) revised GPT-4 PEMs were graded as more

comprehensive than the corresponding institutional PEMs (Table
2). Additionally, all 143 (100%) revised GPT-4 PEMs were
graded as equally accurate as their institutional PEM counterpart.

Table . Evaluation of GPT-4’s accuracy and comprehensiveness of revised patient education materials (PEMs) compared to institutional PEMs (N=143).

Comprehensiveness, n (%)Accuracy, n (%)Scoring

0 (0)0 (0)Less

110 (76.9)143 (100)Equal

33 (23.1)0 (0)More

Discussion

Principal Results
LLMs are a rapidly developing technology with the potential
to enhance the delivery of PEMs to patients of all levels of
health literacy. In this study, we expanded on existing research
that evaluated ChatGPT’s ability to generate accurate and
reliable answers to heart failure questions by examining GPT-4’s
ability to improve the readability of institutional PEMs. Our
analysis shows that GPT-4, when prompted, was able to

significantly enhance the readability of institutional PEMs for
common heart failure–related patient questions. After evaluation
by a board-certified cardiologist, all of GPT-4’s revised PEMs
were graded as equally accurate and many were graded as more
comprehensive as institutional PEMs, with no revised PEMs
graded as less accurate or less comprehensive. GPT-4’s
capabilities to provide accurate, comprehensive, and readable
PEMs in real-time and in a conversational manner underscores
the future potential of LLMs to enhance patient education and
ultimately patient health literacy.
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Comparison With Prior Work
Previous research has demonstrated that ChatGPT possesses a
broad knowledge base comprising various medical conditions,
including cirrhosis, hepatocellular carcinoma, and bariatric
surgery [14,15,26,27]. Its knowledge base also spans
cardiovascular diseases such as acute coronary syndrome
[11,28], heart failure [12], atrial fibrillation [29], and even rare
disorders like amyloidosis [16]—a multisystemic infiltrative
disease. Specifically, regarding amyloidosis, while GPT-4
provided accurate, comprehensive, and reliable answers to
gastrointestinal, neurologic, and cardiology queries, the average
FKGL of responses was 15.5 (college level), significantly
exceeding the recommended sixth-grade reading level set forth
by the AMA [16]. Similar results were shown when examining
responses to the surgical treatment of retinal diseases and
hypothyroidism in pregnancy [30,31].

A previous study examined ChatGPT’s ability to simplify the
readability of responses to bariatric surgery–related FAQs [32].
GPT-4 reduced the average grade reading level of PEMs from
eleventh (high school junior) to sixth grade, aligning with the
AMA’s recommendation. Another study also showed that GPT-4
improved the readability of cardiovascular magnetic resonance
reports, reducing the average reading level from tenth grade to
fifth grade while maintaining high factual accuracy [33]. When
simplifying PEMs relating to aortic stenosis, GPT-3.5 was able
to lower the mean FKGL from 9.2 to 5.9 when instructed to
“translate to a 5th grade reading level” [34]. Our study further
contributes to this body of work by demonstrating GPT-4’s
ability to improve the median readability of institutional PEMs
from 10.3 (high school sophomore) to 7.3 (seventh grade) while
maintaining accuracy and often enhancing comprehensiveness
(Table 1). However, a unique aspect of our study was the use
of a general prompt, “Please explain the following in simpler
terms,” compared to other studies that specifically requested
simplification to a fifth- to sixth-grade reading level [34]. Our
prompt simulates an organic patient encounter with the GPT-4
platform written in language meant to mirror an actual patient
request for simplification. This difference in prompting but
similar significant improvement in readability shows the
adaptability of LLMs in this domain and may increase the
likelihood of future adoption. Furthermore, the enhanced
readability underscores the potential of LLMs in fostering better
patient understanding of heart failure–related information.

Limitations and Ethical Concerns
ChatGPT, while adept at generating conversational answers,
has inherent limitations in accuracy and privacy. The model
cannot access real-time patient records and often does not cite
peer-reviewed articles or reference updated guidelines, which
is crucial for accurate and evidence-based responses.
Additionally, the current model may not reliably understand
nuanced medical topics or accurately interpret complex medical
questions [35], leading to potential patient misunderstandings.
In some cases, ChatGPT may also generate answers that initially
seem factual due to its confident-appearing language but
disseminate inaccurate information, known as artificial
hallucinations [36]. Utilizing artificial intelligence (AI) models
like ChatGPT in health care settings may also not guarantee

secure handling of patient information as the model may collect
users’ conversation data for future training. Although OpenAI
does have a privacy setting allowing for disabling user data
collection, prioritizing patient confidentiality will be an
important aspect of development if the technology is to be used
as an adjunct health care tool [37].

Furthermore, ChatGPT may also perpetuate social disparities
due to implicit biases and contribute to accessibility gaps. Recent
studies revealed that GPT-4 tended to promote outdated
race-based medicine and overrepresent or underrepresent certain
racial groups and sexes depending on the circumstance and thus
potentially reinforce stereotypes [38,39]. Another concern is
equitable access, as patients with lower socioeconomic status
often have less access to certain technology such as the internet
and may have barriers to utilizing these new AI tools [40].
Altogether, these validity and ethical considerations emphasize
that clinical oversight, such as US Food and Drug
Administration regulation, is warranted prior to LLM
incorporation in patient care [41]. This would allow for
consistent monitoring of this rapidly evolving technology,
ensuring optimization of safety protocols with each new update
of the model.

Our study has several limitations. Although we employed
validated readability scoring systems as a surrogate for patient
understanding, these formulas have their limitations, as
previously reported [42,43]. These formulas often generate a
reading level score that inherently grades longer words and
sentences as being more complex but are unable to assess a
text’s content for structure and clarity. Our study also did not
involve patients, which is essential for the comprehensive
assessment of ChatGPT as a patient educational resource. Future
studies would benefit from involving patients to ensure
relevance of questions, preference in language used, and
assessment of patient understanding. A baseline assessment of
a patient’s understanding of the given topic would also be
beneficial to assess if ChatGPT can improve comprehension
rather than relying on scoring tools. Additionally, we employed
only one expert reviewer to assess the accuracy and
comprehensiveness of ChatGPT’s responses. To limit the
potential for bias through subjective review and promote diverse
perspectives, future research would benefit from involving
multiple reviewers from different backgrounds and training
institutions. Our reviewer was also not blinded to the source of
each PEM, allowing for possible bias when evaluating accuracy
and comprehensiveness. Our study could also not incorporate
or interpret questions containing multimedia at the time of data
collection, but with the release of multimodal LLMs, like
GPT-4v, including visual aids would be another valuable
component of PEMs to investigate. The PEMs used are not
comprehensive of all questions that may be asked by patients,
which limits the generalizability of our results. Future studies
using real-world patients and questions would be helpful to
further understand the broad spectrum of questions patients may
ask.

Future Directions
We opted for a pragmatic approach in designing the GPT-4
prompt used to revise institutional PEMs. Our focus was on
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ensuring the prompt reflected a simple, intuitive command that
patients would be likely to use in real-world scenarios. Although
this method provided promising results, highlighting the
versatility of GPT-4, exploring more intricate prompts may
yield even more impressive outputs and functionality. We
advocate further research into prompt engineering to better
replicate natural conversations and offer specific instructions
for generating higher-quality and personalized responses.

Medical institutions can utilize this technology by integrating
ChatGPT directly into their online patient education platforms
with customized readability based on the highest level of
education completed by the patient. This type of personalization
of readability assessment can be implemented in all
patient-facing AI applications to ensure the appropriate reading
level of text for all patients. For example, Buoy Health, a chatbot
developed by Harvard Medical School in 2014, uses natural
language processing to help users assess symptoms with reported
accuracy rates of 90%‐98% [44,45]. Boston Children’s
Hospital has adopted this platform on their website to guide
patients on symptoms and recommended next steps in seeking
medical care [44,45]. While not solely focused on education, it
demonstrates how leading institutions are successfully

leveraging chatbots as interactive tools. The consideration of
readability assessment and adaptability in these patient-facing
applications may increase patient engagement and ensure
patients of all education levels can use these tools. Greater
collaboration between trusted medical institutions and LLM
platforms could improve patient access to simplified, accurate
medical information that aligns with the AMAs recommended
fifth- to sixth-grade reading level.

Conclusions
Our study demonstrates GPT-4’s ability to improve the
readability of institutional heart failure–related PEMs while
also maintaining accuracy and comprehensiveness. Our results
underscore the potential future utility of LLMs in improving
the delivery of easy-to-understand and readable PEMs to patients
of all health literacy levels. While ChatGPT may potentially be
a valuable future tool in patient care, it should be used as a
supplement to, rather than a replacement for, human expertise
and judgment of a licensed health care professional. We
recommend the development of future studies examining the
optimization of readability outputs, personalization, and
real-world implementation.
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Abstract

Background: Heart disease remains a leading cause of death for women in the United States, but awareness and knowledge
about it are declining. Artificial intelligence (AI) chatbots have great potential to educate women.

Objective: This study aimed to evaluate the potential efficacy of HeartBot to increase women’s awareness and knowledge of
heart attack symptoms and care-seeking behavior.

Methods: In this nonrandomized pilot, quasi-experimental study, 92 women aged ≥25 years without a history of heart disease
completed the HeartBot interaction via SMS text messaging. The study was remotely conducted from October 2023 to January
2024. HeartBot, a fully automated AI chatbot, covered 15 topics of heart attack awareness, knowledge, symptoms, and care
seeking in a single session. The mean length of the HeartBot interaction was 13.0 (SD 7.80) minutes. The primary outcomes
consist of four questions: (1) recognizing signs and symptoms of a heart attack, (2) telling the difference between the signs and
symptoms of a heart attack, (3) calling an ambulance or dialing 911 when experiencing heart attack symptoms, and (4) getting
to an emergency room within 60 minutes after the onset of symptoms of a heart attack. Women were asked to answer the 4
questions before and after the HeartBot interaction on a scale of 1 to 4, with a higher score indicating higher levels of awareness
and knowledge of heart attack risks and symptoms.

Results: The mean age of the sample was 45.9 (SD 11.9) years. In total, 59.8% (55/92) of the sample identified as belonging
to racial or ethnic minority groups. The mean length of the HeartBot interaction was 13.0 (SD 7.80) minutes. In ordinal logistic
regression models, women showed significant improvements across the 4 self-reported outcomes (ie, heart attack symptoms and
calling 911) even after controlling for potential confounding factors (outcome 1: adjusted odds ratio [aOR] 7.10, 95% CI
3.52‐13.16; outcome 2: aOR 5.47, 95% CI 2.77‐10.78; outcome 3: aOR 5.75, 95% CI 2.86‐11.59; and outcome 4: aOR 2.85,
95% CI 1.54‐5.25; P<.001 for all 4 outcomes).

Conclusions: HeartBot led to a substantial increase in awareness and knowledge of heart attack risks and symptoms in women.
These findings suggest that HeartBot is a promising approach to improving heart health education. A randomized controlled trial
of HeartBot is warranted to establish its efficacy and safety for the clinical setting.

(JMIR Cardio 2025;9:e80407)   doi:10.2196/80407

KEYWORDS

artificial intelligence; AI; chatbot; natural language processing; heart disease; heart attack symptoms; women; conversational
agent

Introduction

Background
Artificial intelligence (AI) chatbots using natural language
processing and machine learning facilitate natural

human-machine conversations. In recent years, AI chatbots have
gained significant popularity in health care and research, and
researchers have investigated their efficacy across health
domains. AI chatbots have shown potential to improve mental
health [1-3] and other chronic illnesses [4] and to promote
healthy lifestyles and self-care behaviors [5-10]. However,
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research on the use of chatbots in cardiovascular health is still
in its infancy.

Heart disease continues to be the leading cause of mortality and
morbidity for women in the United States [11]. More than 60
million women in the United States are living with heart disease
[12]. Over the past 2 decades, several awareness campaigns,
such as Go Red for Women [13] by the American Heart
Association, have been conducted to educate the public and
women regarding heart disease. Despite these large-scale public
health campaigns, awareness of heart disease as the leading
cause of death among women declined from 65% in 2009 to
44% in 2019 [14]. The greatest declines in awareness were
observed among Hispanic and Black women as well as younger
women [15-17].

Objectives
We therefore need a new approach to increase knowledge and
awareness of heart disease in women. We recently developed
and tested an AI chatbot (hereafter referred to as “HeartBot”)
in a series of studies to achieve this goal. Given the rapid
advancement of AI technologies and the increasing prevalence
of smartphone ownership [18], HeartBot could have significant
advantages over traditional public health campaigns, expanding
reach and delivering personalized communication. Therefore,
this study aims to evaluate the potential efficacy of a fully
automated AI HeartBot in increasing women’s awareness and
knowledge of heart attack symptoms and care-seeking behavior.

Methods

Study Design and Sample
We remotely conducted a pilot, quasi-experimental study with
92 participants using the user-centered design approach [19].

Eligibility criteria were women aged ≥25 years, no self-reported
cognitive impairment or history of heart disease or stroke, not
a health care professional or student, not working in the health
care field, living in the United States, possessed a cell phone
with the ability to send and receive text messages, and had
internet access. Participants were recruited via social media (ie,
Facebook and Instagram [Meta]). The study was conducted
from October 2023 to January 2024.

Description of the HeartBot Platform
Table 1 provides an overview of the HeartBot conversation
content, and Figure 1 shows the screenshots of the HeartBot
conversation. HeartBot conversations occurred over SMS text
messaging and started with a brief introduction, informing the
user about what to expect in the conversation (Figure 1A).
Within 1 conversational episode, HeartBot conversed with
participants on 17 content modules, covering topics such as
symptoms, risk factors, and treatment of heart attacks. To
prioritize participant safety, the introduction message included
the following medical emergency notice: “If you are
experiencing a medical emergency, please call 911
immediately.” The messages sent by HeartBot (Table 1) were
developed by cardiovascular experts based on the latest
guidelines and evidence to ensure full control over the content
presented to participants and to minimize the risk of having the
system dispense false or misleading information. In addition,
we incorporated personalization and empathic responses—key
communication features designed to enhance participants’
experience and engagement [20]. Finally, to ensure readability,
the content sent by HeartBot (Table 1) was evaluated using
Flesch-Kincaid readability metrics. This analysis yielded a
Flesch reading ease score of 69 and a Flesch-Kincaid grade
level of 6.2, indicating that the language used was accessible
and comprehensible to a broad audience.
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Table . Overview of the message sequence and conversation content delivered by HeartBot, an artificial intelligence chatbot designed to increase

women’s awareness and knowledge of heart attack risks and symptoms.a

TopicsMessage order

Introduction and greetings1

Participants’ name retrieval2

Knowledge of heart attacks3

Symptoms of heart attacks4

Leading cause of death for women in the United States5

Gender factors for heart attacks6

First action when experiencing symptoms of a heart attack7

Importance of calling 9118

Time to seek medical help9

Treatment of heart attacks10

Action plans while waiting for 91111

Risk factors for heart disease12

Female-specific risk factors for heart disease13

Racial and ethnic differences in women’s heart disease risk14

Multiple-choice questions15

Further questions to ask HeartBot16

Acknowledgment and conclusion of the conversation17

aWithin a single conversational episode, HeartBot delivers 17 sequential modules developed by cardiovascular experts based on current clinical guidelines.
Messages were evaluated for readability using Flesch-Kincaid metrics (reading ease score=69; grade level=6.2).
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Figure 1. Screenshots of the HeartBot conversation. The text in gray bubbles represents messages sent by HeartBot, while that in the green bubble
represents the responses from the users. UCSF: University of California, San Francisco.

The current version of HeartBot, deployed to research
participants, is based on an established framework that has been
used in a large number of chatbots across various domains over
several years. HeartBot was built using the Google Dialogflow
CX platform connected to Twilio for input and output over SMS
text messaging. Dialogflow CX supports the development and
deployment of chatbots based on the intents and entities
paradigm [21]. Every user input is categorized as one of a finite
number of intents (eg, greeting, correct response, and request
for help), and chatbot actions, including what the chatbot says
next, are mapped directly to these intents. In HeartBot
specifically, this mapping was implemented using a bidirectional
encoder representations from transformers neural language
model [22], which is based on the transformer architecture [23];
this approach leverages a powerful data-driven method for
robustly identifying user intents expressed in free-form text
messages. Within each participant’s utterance, one or more
entities may be mentioned. Entities are words or phrases that
express specific instances of a class. For example, “high blood
pressure” expresses a specific instance of the class risk factors.
Authoring a chatbot in Dialogflow CX involves the following:
(1) defining the intents that the user may express when

interacting with the chatbot and which entities the chatbot should
recognize within user utterances; (2) listing examples of how
these intents and entities can be expressed; and (3) defining the
chatbot actions that should be mapped to each intent and,
optionally, to mentions of an entity. While the use of a
bidirectional encoder representations from transformers language
model allows the system to handle natural language input
flexibly and robustly, the chatbot’s behavior and responses are
limited to content authored specifically for HeartBot
conversations. Because each piece of the interaction is encoded
directly and explicitly into the chatbot, the resulting interactions
are rigid and predictable, varying in response to user utterances
only in the ways intended by the system’s designers. On the
one hand, this ensures a great level of control over what the
chatbot can do, and on the other hand, the chatbot has limited
flexibility and lacks any conversational ability beyond its
authored content. In addition, the design of HeartBot follows a
strict system initiative philosophy: every step of the interaction
between the system and the user is initiated by the system. This
is in contrast to the user-initiative design embodied in current
generative AI chatbots, such as ChatGPT, where the system
mainly reacts to or responds to user utterances, and the user is
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primarily responsible for directing the conversation. HeartBot
asks specific questions, and the user responds to them. While
HeartBot’s utterances vary based on the user’s responses, for
example, by confirming correct responses or offering gentle
corrections, the user has very limited control over how the
interaction unfolds, and the system is in control of the
conversation.

HeartBot’s content library and the inventory of user intents it
can handle were designed and refined based on more than 171
interactions where a research staff with domain expertise played
the role of the system. These interactions took place over text
messages in the same way as the HeartBot interactions, except
that participants were not told they were interacting with
HeartBot and had no reason to believe their conversational
partner was a chatbot. The research staff conducted the
conversation initially designed for HeartBot in each of these
interactions. The initial version of HeartBot was based on these
human-human interactions and was further refined through
initial system testing, resulting in the version of HeartBot used
to collect the data presented here.

Procedures
Potential participants interested in the study were asked to
complete an online screening survey on Research Electronic
Data Capture (REDCap; Vanderbilt University) to determine
eligibility. Research staff sent an electronic consent (e-consent)
form to those meeting all eligibility criteria. Participants who
signed the consent form received a baseline REDCap survey.
Upon completing the baseline survey, research staff provided
instructions with a specific phone number for participants to
send SMS text messages to and on how to initiate a conversation
with HeartBot. For participants’ safety, research staff closely
monitored the participants’ responses during the HeartBot
conversations through a back-end data monitoring platform.
Research staff sent an online postsurvey link to the participants
4 to 6 weeks after the HearBot interaction. Participants who
completed all study requirements received a US $20 Amazon
e-gift card.

Measures
We used a previously validated set of questions to assess the
potential efficacy of HeartBot in increasing the awareness and
knowledge of heart attack risks and symptoms [24,25]. These
items have been applied in earlier studies with women from
varied backgrounds to support their relevance across diverse
populations [26-28]. Participants answered four questions before
and after interacting with HeartBot, using a 4-point scale, in
which 1 indicated “not sure” and 4 indicated “sure”: (1) How
sure are you that you could recognize the signs and symptoms
of a heart attack in yourself?; (2) How sure are you that you
could tell the difference between the signs or symptoms of a
heart attack and other medical problems?; (3) How sure are you
that you could call an ambulance or dial 911 if you thought you
were having a heart attack?; and (4) How sure are you that you
could get to an emergency room within 60 minutes after onset
of your symptoms of a heart attack? Higher scores indicate a
better awareness and knowledge of heart attack risks and
symptoms.

To understand how participants engage with HeartBot and
identify areas of improvement for HeartBot, we examined
participants’ evaluations of HeartBot using the Effectiveness
Scale, a semantic-differential scale originally developed based
on previous literature [29,30]. It consists of 5 pairs of opposite
adjectives (effective vs. ineffective, helpful vs. unhelpful,
beneficial vs. not beneficial, adequate vs. not adequate,
supportive vs. not supportive), and each pair is scored on a
7-point Likert scale. 1 indicated the negative pole (eg,
“ineffective”) and 7 indicated the positive pole (eg, “effective”).
Cronbach’s alpha for this sample was 0.94. In addition, the
impression of HeartBot was assessed by using the
Anthropomorphism Scale [31] consisting of 5 pairs of opposite
adjectives (fake vs natural, machine-like vs humanlike,
unconscious vs conscious, artificial vs lifelike, rigid vs adaptive).
Each pair was rated on a 7-point Likert scale, 1 being the first
adjective in the pair (eg, “fake”) and 7 being the second
adjective (eg, “natural”). The scores for each pair in the
Effectiveness Scale and Anthropomorphism Scale were summed
and averaged to create mean composite scores. In this current
sample, both measures had excellent reliability (Cronbach α
0.94 and 0.91, respectively).

Statistical Analysis
We conducted a descriptive analysis to summarize sample
characteristics, including sociodemographic characteristics,
cardiovascular risks, and usability outcomes. To compare pre-
and postsurvey results, we used ANOVA for continuous
variables and chi-square tests for categorical variables to assess
distributional differences. To determine whether participants’
responses to awareness and knowledge questions significantly
changed after engaging with HeartBot, we first used Wilcoxon
signed-rank tests. Then, to test for differences in pre- to
post-intervention awareness and knowledge of heart attack risks
and symptoms as outcome responses, we fit an ordinal mixed
effects logistic regression model using the R (version 4.1.0; R
Foundation for Statistical Computing) [32] package ordinal
v2022.11.16 [33], adjusting for fixed effects of White (vs
non-White), age, education, income, family history, past chatbot
use, mean text message effectiveness, mean HeartBot impression
score, word count, conversation duration, and whether the
individual thought they were texting an AI agent, as well as a
random effect for individual, across the 92 participants with
outcomes measured at the second time point. As a sensitivity
analysis, although this model appeared to fit the data well, we
also conducted a backward stepwise regression analysis (P<.05;
resulting in 2‐5 covariates per outcome) to ensure the model
was not overparameterized. Additional sensitivity analyses
included using all participants through multiple imputation for
missing outcomes (instead of just imputing missing covariates),
as well as a complete case analysis (2 of the 92 participants
were missing income data). We also attempted a sensitivity
analysis by fitting a mixed-effects multinomial logistic
regression model using the generalized structural equations
command in Stata (version 16.1; StataCorp LLC) [34]. However,
these models did not converge, likely due to the limited sample
size and increased number of parameters to estimate compared
to an ordinal logistic regression model. To appropriately handle
missing data, we used multiple imputation with chained
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equations with 100 imputations, combined via the usual Rubin
rules, using a logistic regression model for dichotomous
variables and perfect mean matching for continuous variables,
using the R package mice v3.16.0 [35]; 2 random seeds were
run to ensure stability of results. All analyses used 2-tailed tests,
and statistical significance was evaluated at P<.05. The
awareness and knowledge of heart attack risks and symptoms
questions were coded as time-dependent variables at baseline
and post-HeartBot interaction.

Ethical Considerations
This study was conducted in accordance with the ethical
standards outlined in the Declaration of Helsinki. Institutional
review board approval was obtained from the University of
California, San Francisco (approval: 23‐39793). All
participants provided written informed consent before study
enrollment. Participation was voluntary, and participants were
informed that they could withdraw at any time without penalty.
All collected data were deidentified before analysis, and no
personally identifiable information was retained. Data were
stored on secure, password-protected servers accessible only to

the research team. Participants who completed all study
requirements received a US $20 Amazon e-gift card as
compensation.

Results

Baseline Sample Characteristics
A total of 104 women completed the online baseline survey. Of
these 104 women, 5 (4.8%) did not start the HeartBot
interaction, and 7 (6.7%) did not complete the post-REDCap
online survey. The sample characteristics of 12 women who
did not complete the study did not differ from those who
completed the study (P>.05). Table 2 presents the baseline
characteristics of 92 women who completed all study
requirements. The mean age was 45.9 (SD 11.9; range: 26-70)
years. Out of 92 participants, 55 (59.8%) identified as belonging
to racial or ethnic minority groups; 53 (57.6%) had used a
chatbot such as Alexa, Google Assistant, and Siri, at least once
in the past 30 days; and 13 (14.1%) reported a family history
of heart attack.
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Table . Baseline sociodemographic characteristics and cardiovascular risk factors of study participants (N=92).

ValueSociodemographic characteristics

45.9 (11.9)Age (years), mean (SD)

Race or ethnicity, n (%)

1 (1.1)American Indian

6 (6.5)Asian

22 (23.9)Black (non-Hispanic)

19 (20.7)Hispanic

2 (2.2)Native Hawaiian

37 (40.2)White (non-Hispanic)

5 (5.4)More than 1 race or ethnicity

Education, n (%)

26 (28.3)Less than high school or did not complete college

66 (71.7)Completed college or graduate school

Household income (US $), n (%)

21 (22.9)Less than 40,000

30 (32.6)40,001-75,000

39 (42.4)Greater than 75,000

2 (2.2)Do not know or decline to answer

Marital status, n (%)

21 (22.8)Never married

59 (64.1)Currently married or cohabitating

12 (13)Divorced or widowed

Employment status, n (%)

56 (60.9)Full time or part time

17 (18.5)Unemployed, homemaker, or student

19 (20.7)Retired, disabled, or other

Chatbot use (eg, Amazon’s Alexa, Google Assistant, Siri, and Facebook Messenger bot) in the past 30 days, n (%)

53 (57.6)Yes

39 (42.4)No

Self-reported cardiovascular risks, mean (SD)

29.5 (7.1)BMI (kg/m2)

Smoked at least 1 cigarette in the past 30 days, n (%)

14 (15.2)Yes

78 (84.8)No

Blood pressure medication, n (%)

25 (27.2)Yes

67 (72.8)No or do not know

Cholesterol medication, n (%)

29 (31.5)Yes

63 (68.5)No or do not know

Diabetes medication, n (%)

12 (13)Yes

80 (85.9)No or do not know
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ValueSociodemographic characteristics

Family history of heart disease or stroke, n (%)

13 (14.1)Yes

79 (85.9)No or do not know

HeartBot Interaction
The mean and median duration of HeartBot interactions were
13.0 (SD 7.8) and 10.6 (IQR 8.5-13.9) minutes, respectively
(Table 3). In addition, a post hoc analysis of HeartBot interaction
logs showed that 11% (10/92) conversations had a minor
technical issue in which participants were prompted to provide
their name twice at the start of the session. This glitch did not
interfere with delivering or completing the conversation, and

all affected participants successfully completed the HeartBot
session. At the end of the HeartBot conversation, 29% (27/92)
of the participants submitted at least 1 question to HeartBot.
The top two questions that the participants asked were regarding
(1) heart disease risks and prevention risk reduction and (2)
signs and symptoms of a heart attack and care-seeking behaviors
during a heart attack. The participants rated HeartBot as highly
effective (mean 5.7, SD 1.2) and as human-like and natural
(mean 5.2, SD 1.2), with scores ranging from 1 to 7.
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Table . HeartBot interaction (N=92).a

ValueInteraction metrics

890.1 (78.7)Total word count, mean (SD)

13.0 (7.80)Duration of HeartBot conversation (minutes), mean (SD)

Number of questions participants asked, n (%)

65 (70.7)No question

27 (29.3)At least 1 question

5.7 (1.2)HeartBot effectiveness, mean (SD)

5.2 (1.2)HeartBot impression, mean (SD)

“Overall, how would you rate the conversations with your texting partner?” n (%)

5 (5.4)Unnatural or very unnatural

33 (35.9)Neutral

54 (58.7)Natural or very natural

“Overall, how would you rate the messages you received?” n (%)

0 (0)Incoherent or very incoherent

23 (25.0)Neutral

69 (75.0)Coherent or very coherent

“Do you think you texted a human or an AIb chatbot during your conversation?” n (%)

31 (33.7)Human

61 (66.3)AI chatbot

”Have you ever heard or read about AI?” n (%)

5 (5.4)I would consider myself an expert in that field

27 (29.3)I could explain well and what AI is about

41 (44.6)I know somehow what AI is

16 (17.4)Yes, but I do not know exactly what AI is

3 (3.3)No

“How positive or negative do you feel about the use of AI in health care?” n (%)

13 (14.1)Negative or very negative

44 (47.8)Neutral

35 (38)Positive or very positive

“The use of AI will result in better health care,” n (%)

17 (18.5)Strongly disagree or disagree

30 (32.6)Neither agree nor disagree

45 (48.9)Agree or strongly agree

“The use of AI will result in better health outcomes,” n (%)

16 (17.4)Disagree or strongly disagree

35 (38.0)Neither agree nor disagree

41 (44.6)Agree or strongly agree

“AI may help me reduce my risk of heart disease,” n (%)

12 (13.0)Disagree or strongly disagree

39 (42.4)Neither agree nor disagree

41 (44.6)Agree or strongly agree

aParticipant interaction metrics, ratings of HeartBot conversations, and attitudes toward artificial intelligence (AI): measures include conversation length,
number of participant-initiated questions, perceived effectiveness, naturalness, coherence, identification of the agent as a chatbot or human, prior AI
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awareness, and attitudes toward the use of AI in health care and for heart disease prevention.
bAI: artificial intelligence.

Changes in Awareness and Knowledge of Heart Attack
Risks and Symptoms
Table 4 shows the results of the Wilcoxon signed-rank tests for
the changes in responses to awareness and knowledge of heart
attack risks and symptoms questions between the pre- and
post-HeartBot interaction. Participants reported significantly
higher awareness and knowledge of heart attack risks and
symptoms across all 4 outcome responses between the baseline
and the post-HeartBot interaction (P<.05).

Table 5 shows the results of the ordinal mixed effects regression
models for each awareness and knowledge of heart attack risks
and symptoms question. Even after controlling for potential

confounders (Table 5; the full model and sensitivity analysis
are provided in Multimedia Appendix 1), the HeartBot
interaction was significantly associated with improvements in
awareness and knowledge of heart attack risks and symptoms,
specifically on (1) recognizing the signs and symptoms of a
heart attack response (adjusted odds ratio [aOR] 7.10, 95% CI
3.56‐14.15; P<.001), (2) telling the difference between the
signs or symptoms of a heart attack (aOR 5.47, 95% CI
2.77‐10.78; P<.001), (3) calling an ambulance or dialing 911
during a heart attack (aOR 5.75, 95% CI 2.86‐11.59; P<.001),
and (4) getting to an emergency room within 60 minutes after
onset of symptoms (aOR 2.85, 95% CI 1.54‐5.25; P<.001).
Results were very similar across all sensitivity analyses (Table
S1 in Multimedia Appendix 1).

Table . Changes in participants’ knowledge and awareness of symptoms and responses to heart attack between pre- and post-HeartBot interaction
(N=92).

P valueaPost-HeartBot interaction, n
(%)

Pre-HeartBot interaction, n
(%)

<.001How sure are you that you could recognize the signs and symptoms of a heart attack in yourself? (please select a number
from 1‐4)

3 (3.3)24 (26.1)Not sure

28 (30.4)32 (34.8)Somewhat not sure

40 (43.5)33 (35.9)Somewhat sure

21 (22.8)3 (3.3)Sure

<.001How sure are you that you could tell the difference between the signs or symptoms of a heart attack and other medical
problems? (please select a number from 1‐4)

8 (8.7)28 (30.4)Not sure

35 (38)38 (41.3)Somewhat not sure

40 (43.5)24 (26.1)Somewhat sure

9 (9.8)2 (2.2)Sure

.02How sure are you that you could call an ambulance or dial 911 if you thought you were having a heart attack? (please
select a number from 1‐4)

3 (3.3)13 (14.1)Not sure

13 (14.1)20 (21.7)Somewhat not sure

20 (21.7)32 (34.8)Somewhat sure

56 (60.9)27 (29.3)Sure

<.001How sure are you that you could get to an emergency room within 60 min after the onset of your symptoms of a heart
attack? (please select a number from 1‐4)

6 (6.5)17 (18.5)Not sure

12 (13)17 (18.5)Somewhat not sure

31 (33.7)29 (31.5)Somewhat sure

43 (46.7)29 (31.5)Sure

aWilcoxon signed-rank test.
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Table . Ordinal logistic regression models for heart attack questions.

Adjusted ORbUnadjusted ORaOutcome

P valueOR (95% CI)P valueOR (95% CI)

<.0017.10 (3.56‐14.15)<.0017.20 (3.63‐14.27)Recognize the signs and
symptoms of a heart attack

<.0015.47 (2.77‐10.78)<.0015.18 (2.66‐10.09)Tell the difference between
the signs or symptoms of a
heart attack and other medi-
cal problems

<.0015.75 (2.86‐11.59)<.0015.81 (2.89‐11.68)Call an ambulance or dial
911

<.0012.85 (1.54‐5.25)<.0012.94 (1.61‐5.38)Get to an emergency room
within 60 minutes

aOR: odds ratio.
bModels are adjusted for the fixed effects of race (White vs non-White), age, education, income, family history, prior chatbot use, mean text message
effectiveness score, mean HeartBot impression score, word count, conversation duration, and participants’ perception of texting an artificial intelligence
agent, as well as a random effect for individual.

Discussion

Principal Findings
This study is among the first to evaluate a fully automated AI
chatbot aiming to increase awareness and knowledge about
heart attacks among women. All participants who started the
HeartBot conversation completed it, and none left the
conversation. We posit that the 3 main key factors contributed
to HeartBot’s success. First, HeartBot delivered a brief
conversational intervention (median 10.33 min), and participants
could initiate the intervention anywhere and at any time. This
design dramatically reduces participant burden and ensures a
potential for large-scale dissemination and effectiveness. In
addition, the HeartBot conversation was delivered via SMS text
messaging and did not require Wi-Fi access or a smartphone.
Nearly all Americans (98%) own a mobile phone [36], and using
SMS text messaging is an effective way to reach minority
populations and ensure intervention equity. Second, HeartBot
incorporated personalization and empathetic responses that are
known to increase participants’ engagement [11-13] during
conversations. Addressing users by name within conversations
could have fostered a sense of individual relevance and
strengthened a positive evaluation of HeartBot. Third, the
content of HeartBot was developed from scientific evidence
and guidelines and used simple nontechnical language with
images, ensuring that the educational content was easily
understandable and accessible to individuals with low health
literacy levels.

Comparison With Prior Work
Previous Hispanic and Black women, and younger age groups,
have shown a significant decline in awareness of heart disease
as the leading cause of death among women [14-17]. The latest
study reported that the overall awareness dropped from 65% in
2009 to 44% in 2019, with the steepest declines among Hispanic
women (28.9%), non-Hispanic Black women (28.1%), and
women aged 25 to 34 years (41.3%) [14]. To address this
concern, we ensured that women with racial or ethnic minority
backgrounds were well represented in this study sample, and

the HeartBot included a content module specifically discussing
the increased risk of heart attack in Hispanic and Black women
[37,38]. HeartBot provided unbiased interactions with all
participants, reducing potential biases that might arise from
human facilitators in traditional in-person interventions, such
as implicit judgments [39,40]. The HeartBot intervention appears
to work regardless of age and race or ethnicity. To our
knowledge, this is the first AI-driven chatbot intervention
specifically designed to increase women’s awareness and
knowledge of heart disease. The greatest advantage of the
HeartBot intervention over conventional public heart attack
awareness campaigns is its ability to promote active learning
through personalized and SMS-based dialogue. Traditional heart
attack campaigns face several challenges, such as passive
information delivery, limited personalization and interactivity,
and dissemination gaps. In contrast, personalized chatbots can
foster active learning by prompting users to engage in feedback
retrieval, self-reflection, and goal setting during interactions
[41,42]. We believed that the inclusion of a follow-up quiz
reviewing key content at the end of the session further enhanced
active learning throughout the session.

Overall, the findings of this HeartBot trial hold great promise.
Although we acknowledge that generative AI models are
improving at a rapid pace, we think deploying a hybrid chatbot,
which combines data-driven identification of user intents with
scientifically vetted conversational content, is essential to
prioritize participants’ safety and accuracy of information
delivery. Given the purpose of the intervention to increase
awareness and knowledge of heart attacks, the current design,
which combines a structured content flow with personalized
conversational strategies, may be optimal.

Limitations
Several limitations of this study must be acknowledged. First,
because this study was not a randomized controlled trial (RCT),
causal relationships and definitive efficacy cannot be
established. However, we adjusted potential confounding factors
in our analysis. Second, relying on a convenience sample of
women may introduce selection bias. In addition, only
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participants who had at least moderate digital literacy, were
comfortable with mobile technology, and were interested in
their own health might be enrolled in this study, which could
have influenced both engagement with the chatbot and the
outcomes. To mitigate these section biases, we enrolled a wide
age range (ie, 26-70 y) and a diverse sample of women (ie,
55/92, 60% belonging to racial or ethnic minority groups), as
well as designed the study to not require Wi-Fi access (SMS
text messaging only). Finally, the primary outcomes were
assessed using self-reported measures of awareness and
knowledge of heart attack risks and symptoms over a short
period; behavioral changes were not assessed. Social desirability
bias may have led some participants to overreport positive
impressions or improvements in knowledge following the
HeartBot interaction.

Future Direction
A full-scale RCT is warranted to examine the effectiveness of
the HeartBot intervention in a large, racially and ethnically
diverse sample. Future research also needs to aim to assess

whether increased awareness and knowledge will lead to early
access to care when women are experiencing heart attack
symptoms. The framework of participants’ engagement and
safety metrics must be developed to demonstrate use for clinical
practice. Finally, future research should explore the duration of
the effects of new awareness and knowledge and whether they
lead to desired behaviors in an RCT. To sustain the awareness
and knowledge of heart attacks, the HeartBot intervention may
require multiple sessions, and the dosage and content of the
intervention may need further adjustment.

Conclusions
Interaction with HeartBot was associated with increased
awareness and knowledge of heart attack risks and symptoms
in a national sample of US women. These findings suggest that
AI chatbot–based interventions may be a promising approach
to improve women’s knowledge and awareness of heart attack
in the United States. An RCT of HeartBot is warranted to
establish its efficacy and safety before implementation in clinical
settings.
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Full regression results for outcome questions. The “Adjusted OR” reflects results from the subset of participants with measured
outcomes (n=92), as reported in the paper. The first sensitivity analysis includes the full dataset (n=104), and the second is a
complete case analysis (n=90; 2 participants were missing income data). The remaining sensitivity analyses correspond to these
3 models but use backward stepwise regression. Cells show odds ratio (95% CI). Outcomes were as follows: (1) recognizing the
signs and symptoms of a heart attack, (2) distinguishing the signs or symptoms of a heart attack from other medical problems,
(3) calling an ambulance or dialing 911, and (4) reaching an emergency room within 60 minutes.
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Abstract

Background: Care4Today is a digital health platform developed by Johnson & Johnson comprising a patient mobile app
(Care4Today Connect), a health care provider (HCP) portal, and an educational website. It aims to improve medication adherence;
enable self-reporting of health experiences; provide patient education; enhance connection with HCPs; and facilitate data and
analytics learning across disease areas, including cardiovascular disease.

Objective: This study aimed to gather patient feedback on Care4Today Connect, specifically the coronary artery disease (CAD)
and peripheral artery disease (PAD) module, and to cocreate and validate features with patients to optimize the app experience
for those with CAD, PAD, or both.

Methods: We conducted 3 research engagements between November 2022 and May 2023. Participants were US-based adults
recruited and consented through the sponsor’s Patient Engagement Research Council program. Participants self-reported a
diagnosis of cardiovascular disease, and in some cases, specifically, CAD, PAD, or both. Part 1, internet survey, posed quantitative
questions with Likert-scale answer options about existing app features. Part 2, virtual focus group, and part 3, virtual individual
interviews, both used semistructured qualitative discussion to cocreate and validate new app enhancements. The quantitative data
from part 1 was evaluated descriptively to categorize mobile health app use, confidence in the ability to use the app, and motivations
for app use. The qualitative discussions from parts 2 and 3 were synthesized to understand participants’ app needs and preferences
to inform an optimal app experience.

Results: The response rate for part 1, internet survey, was 67% (37/55). Most participants felt at least somewhat confident using
the app after seeing the newly added app tutorial (33/37, 89%), and at least somewhat confident in their ability to earn points for
completing activities using app instructions (33/37, 89%). In part 2, virtual focus group (n=3), and part 3, virtual individual
interviews (n=8), participants collectively preferred to enhance the app with (1) the ability to automatically add medication data
for tracking and (2) the ability to receive relevant care team feedback on their self-reported health experiences. Participants would
be willing to spend 10-15 minutes a day tracking 4-5 health experiences, especially those requested by their HCP.
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Conclusions: Participants prefer apps that can reduce user burden and provide information relevant to them. Care4Today
Connect can optimize the user experience for patients with CAD, PAD, or both with the automatic addition of medication data
for tracking and in-app care team feedback on patient self-reported health experiences.

(JMIR Cardio 2025;9:e56053)   doi:10.2196/56053

KEYWORDS

app; cardiovascular disease; Care4Today; coronary artery disease; digital health; health tracker; medication reminder; mobile
health; mHealth; qualitative; peripheral artery disease

Introduction

Overview
With the widespread use of mobile health (mHealth) apps and
wearable fitness trackers, many people routinely self-report
personal health experiences (eg, physical activity, sleep, and
mood). In the health care context, self-reported data are useful
for shared decision-making, providing clinicians with a more
holistic perspective of patient health beyond office visits and
hospitalizations, improving communication, enhancing
coordination of care, and increasing patient engagement [1].
Digital health technology has the potential to become an
important part of health care systems, promoting behavior
change, enhancing medication adherence, and improving health
outcomes in chronic conditions such as cardiovascular disease
[2].

More than 18 million adults in the United States have coronary
artery disease (CAD) [3], and up to 42% of these people also
have peripheral artery disease (PAD) [4,5]. CAD remains the
leading cause of death in the United States, accounting for 1 in
every 4 deaths [6], and medication nonadherence is linked to
poor outcomes [7]. Patients with CAD, PAD, or both often take
multiple medications to control their disease and other comorbid
conditions. The prevalence of polypharmacy (typically defined
as simultaneous use of ≥5 medications [8]) is estimated to be
17% among US adults, 40% to 62% in those with heart disease
[9], and 91% in patients with CAD [10]. Polypharmacy has
been linked to both medication errors [11] and nonadherence
[12].

In CAD, mHealth apps have been shown to support secondary
prevention lifestyle changes [13], with positive effects on
medication adherence, exercise and physical activity, quality
of life, major adverse cardiovascular outcomes, and hospital
readmissions [14-16]. In PAD, mHealth technologies have been
used successfully to improve health behavior, providing
motivation to exercise through activity monitoring and coaching,
and have been linked to changes in both health outcomes and
disease coping [17].

Care4Today
Care4Today is a digital health platform initially launched by
Johnson & Johnson as a medication reminder app in 2013.
Today, the platform has expanded to 3 components: a patient
mobile app, a health care provider (HCP) portal, and an
educational website. The app (Care4Today Connect [18]) has
been designed to encourage patients to take an active role in
managing their overall health. According to the sponsor’s
internal health store database and Google Analytics, from

mid-2020 until mid-2024, the app has supported an estimated
2000 users across company-sponsored initiatives. Features
include medication and appointment reminders; various
self-reported health experience trackers, including elective
biometrics, health, and lifestyle activity with visual trends over
time; and educational resources tailored toward specific disease
management. Users can access scheduled health activities and
resources related to their disease and can share data on their
progress with their care team. Access to the app is granted to
users in the United States with a code provided by their HCP
across multiple disease areas, including cardiovascular disease
[18]. It is available for both iOS and Android users; is available
in English and Spanish; and can connect to fitness apps like
HealthKit, Google Fit, and Fitbit but does not require a wearable
device.

The Care4Today HCP portal allows the care team to view
patient self-reported health experiences shared through the
mobile app. The portal enables the care team to assign, monitor,
and adjust patient care (eg, medications, appointments,
education, and trackers) in real time, as well as to send in-app
reminders and encouragement to their patients. The Care4Today
website [18] provides additional educational resources accessible
to both patients and HCPs. A cardiovascular health-specific
webpage was created to complement the CAD- and
PAD-specific care modules for the app.

Patient cocreation and validation are essential for optimizing
the mobile app experience and app usefulness for managing
disease. Quantitative surveys are a valuable means of capturing
patient feedback, while qualitative studies can provide rich
context about patient perspectives, the user experience, and
barriers to using apps for health management. We conducted a
3-part, exploratory study to optimize the Care4Today Connect
app and digital health platform for people living with CAD,
PAD, or both, via a mixed methods approach involving both
quantitative and qualitative components.

Methods

Ethical Considerations
A consent and release form was signed by the participants that
communicated confidentiality and Health Insurance Portability
and Accountability Act (HIPAA)–compliant practices. This
study (institutional review board [IRB] ID 12459-EDean) was
assessed by Sterling IRB (Atlanta, GA) and determined to be
exempt from IRB review (45 C.F.R. §46.104(d)) under the
Department of Health and Human Services category 2
exemption. The purpose of this study was to collect personal
perspectives and qualitative insights from the participants. The
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study was also conducted in accordance with the Helsinki
Declaration of 1964 and its later amendments. The study was
voluntary, and all participants were compensated for their time.

Study Design
This exploratory sequential research was conducted in three
parts: part 1, internet survey, to gain patient feedback on existing
features of the Care4Today Connect app; part 2, virtual focus
group, in which participants collectively helped to cocreate and
envision app enhancements; and part 3, virtual individual
interviews, to validate prototype app enhancements discussed
in part 2.

Participant Recruitment
Adults with cardiovascular disease residing in the United States
were recruited and consented through the sponsor’s Patient
Engagement Research Council (PERC) program. PERCs
constitute groups of disease-aware individuals living with
chronic health conditions in the United States [19,20]. People
with a range of health care experiences are recruited based on
clinical, demographic, and epidemiologic criteria through
various channels, including outreach to patient advocacy
organizations, digital advertisements, social media, and
physician referrals. PERC members come together to share their
experiences and insights of a common diagnosis through a
structured series of specific engagement activities.

Eligible participants for all 3 parts of this study were members
of the sponsor’s PERC who self-reported having a diagnosed
cardiovascular condition. Purposeful sampling was used to
ensure racial and ethnic diversity across all parts of the study.
Full eligibility criteria for PERC members are described in
Multimedia Appendix 1. In part 2, purposeful sampling was
used to ensure that all participants were taking >1 medication
(self-reported) and that a variety of experience levels with
mHealth apps was represented.

Procedures

Part 1: Internet Survey
Part 1, internet survey, was conducted with participants with
cardiovascular disease, including those with CAD, PAD, or
both, between November 28 and December 2, 2022. Eligible
participants were invited to participate via email and received
a survey link programmed using Alchemer software. CorEvitas
designed the survey to be completed within 25 minutes. The
aim was to assess respondent’s understanding of how to use
existing app features. It consisted of 33 questions across 5
categories, including Upfront, Tutorial for New Users, Earned
Points, App in Clinical Study, and Overall. Three “Upfront”
questions focused on the demographics and clinical
characteristics of respondents, and their experience with
mHealth apps. The “Tutorial for New Users” category included
18 questions asking the respondent to review tutorial screenshots
of how to navigate the app as well as indicate their
understanding of each component. The “Earned Points” category
included 4 questions asking the respondent to review app
screenshots on how to earn points for completing app activities
and indicate their understanding of each component. They were
also asked to share their opinions on the concept of earning

points for completing activities in the app. The “App in Clinical
Study” included 6 questions about motivations for taking part
in a clinical study using mHealth apps (Multimedia Appendix
2). The “Overall” category included 2 questions asking the
respondent to indicate how likely they would be to recommend
the app to a friend or coworker. The rating scale was 1 to 10,
where 1 was unlikely and 10 was very likely. For most
questions, multiselect or 5-point, Likert-scale response options
of agree to disagree, or not at all confident, to very confident
were provided, including an option to choose “Other” and
elaborate in a free-text response.

Part 2: Cocreation
Part 2, virtual focus group, was held on April 13, 2023, with
participants with CAD, PAD, or both. The aim was to cocreate
concepts with a small group of participants. Design and
facilitation were led jointly by researchers from CorEvitas and
ZS Associates. During the 2-hour session, participants were
given an overview of the Care4Today Connect app and were
asked to discuss features that may enhance the user experience.
A semistructured discussion guide focused the session on two
initiatives: (1) features that could improve how medication data
are added to the app to ensure correct prescribed medications
are tracked, alleviate user burden of manual input, and reduce
input error; and (2) features for improved sharing of
self-reported health experiences that could be used to facilitate
feedback from care teams. To aid discussions, additional
information was shared with the group, including screenshots
of the existing feature for adding medication data (Multimedia
Appendix 3) and illustrative mock-ups of how new medication,
as well as health experience tracking features that might be
incorporated into the app (Multimedia Appendix 4). For adding
medication data, 2 options were presented; option 1 leveraged
third-party insurance portal while option 2 used optical character
recognition (OCR) technology, which involves the user taking
an image of a medication bottle and then converting that image
to readable text [21]. For self-reporting of health experiences,
the existing method for tracking this data was presented.

Part 3: Validation
Part 3 of the research aimed to validate the enhancements
cocreated with patients during the virtual focus group in part 2.
One-hour virtual interviews were conducted between May 2
and 4, 2023, with participants with CAD, PAD, or both. Design
and facilitation were led jointly by researchers from CorEvitas
and ZS Associates. Discussions were structured around two
enhancements identified in part 2: (1) auto-add medication data
via the insurance portal and OCR; and (2) a “For You” tab with
notifications, and personalized feedback about trends in their
self-reported medication or health experiences tracking. To help
with this, visuals were provided of Care4Today Connect app
prototypes (Multimedia Appendix 5), and a semistructured
discussion guide (Multimedia Appendix 6) was used to focus
the agenda. Participants were asked to rate the perceived value
of, and their willingness to use, the proposed features on a
7-point Likert scale (1=not at all likely; 7=highly likely).
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Data Collection
All participants provided insight into their current experience
with medication and health experience tracking and their prior
use of mHealth apps. Demographic information was also
collected in the part 1 web-based survey. All sessions were
audio recorded and transcribed.

Analysis

Part 1: Internet Survey
Quantitative analysis was applied to summarize collective
responses in Microsoft Excel. The goal of the analysis was to
assess the user’s understanding of how to use existing app
features. A senior patient experience research specialist from
CorEvitas reviewed and presented the data descriptively as
frequency and percentage.

Part 2: Focus Group and Part 3: Individual Interviews
Qualitative analysis identified patient insights and preferences
directly applicable to the Care4Today app. The goal of the

analysis was to detail the recommended features to be
incorporated into a future version of the app. The team of senior
research specialists and product designers from ZS Associates
directly observed and analyzed the data. Patient insights were
synthesized by using a directed content approach where inputs
were systematically mapped to potential app functionalities
presented during each session. The data were then further
categorized by user appeal, task ease, and privacy concerns,
and then finally synthesized to inform whether to enhance,
modify, or deprioritize discussed C4T enhancements. No formal
coding was used.

Results

Overview
Figure 1 provides a visual diagram of the overall mixed methods
design and participant disposition. Participant demographics
for each of the 3 parts of the study are described in Table 1.
Table 2 describes medication tracking and health experience
reporting behavior for participants in parts 2 and 3.
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Figure 1. Study design and participant disposition. CAD: coronary artery disease; CVD: cardiovascular disease; CVM: Cardiovascular and Metabolic;
mHealth: mobile health; PAD: peripheral artery disease; PERC: Patient Engagement Research Council.
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Table 1. Participant demographics.

Part 3a (validation; n=8), n (%)Part 2 (cocreation; n=3), n (%)Part 1 (survey; n=37), n (%)Characteristic

Diagnosisb

3 (38)1 (33)—eCADc and PADd

5 (63)2 (67)Not specified in the responsesPAD alone

00—CAD alone

Sex

2 (25)1 (33)15 (41)Male

5 (63)2 (67)22 (59)Female

1 (13)—0Nonbinary

Race

4 (50)1 (33)10 (27)White

3 (38)2 (67)23 (62)Black

1 (13)03 (8)Asian

003 (8)Hispanic/Latino or Spanish in origin

001 (3)American Indian or Alaska Native

0—1 (3)Other

Age range (years)

001 (3)20-29

001 (3)30-39

3 (38)1 (33)6 (16)40-49

1 (13)2 (67)6 (16)50-59

3 (38)014 (38)60-69

1 (13)09 (24)70-79

Highest education level

001 (3)Less than high school

1 (13)02 (5)High school

1 (13)1 (33)4 (11)Some college

1 (13)1 (33)2 (5)Trade or technical school

4 (50)1 (33)13 (35)Bachelor’s degree

001 (3)Associate degree

1 (13)013 (35)Graduate degree

0—1 (3)Other

Regionf,g

3 (38)f1 (33)—Urban

1 (13)2 (67)—Suburban

2 (25)0—Rural

Comorbiditiesb,f

5 (63)2 (67)—Diabetes

6 (75)1 (33)—Any

Medications/day

1 (13)0—<7

5 (63)2 (67)—7-14
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Part 3a (validation; n=8), n (%)Part 2 (cocreation; n=3), n (%)Part 1 (survey; n=37), n (%)Characteristic

2 (25)1 (33)—≥15

a3/8 participants from part 3 participated in part 2.
bSelf-reported diagnosis.
cCAD: coronary artery disease.
dPAD: peripheral artery disease.
eNot applicable.
fData were unavailable for 2 participants in parts 2 and 3.
g1 participant responded “urban” but indicated they had previously been “rural.”

Table 2. Medication tracking and health experience reporting behavior (parts 2 and 3; n=8).

Health experience reporting behaviorMedication tracking behaviorParticipant (parts 2 and 3)

A (parts 2 and 3) •• Uses reminders on continuous glucose monitor and
compression boot app devices 

No adherence medication trackinga

• Uses MyChart for tracking right dosing and frequency
for medications

• Uses a journal to record health experiences to be dis-
cussed in next health care provider visit 

• Manual pill box used in the morning and after-
noon/evening

B (parts 2 and 3) •• No health experience tracking or reportingNo adherence medication trackinga
• Uses MyChart for tracking right dosing and frequency

for medications
• Sets up a smartphone alarm twice daily for the morn-

ing and afternoon/evening

C (parts 3) •• No current health experience tracking or reportingNo current medication trackinga
• •Used to track medications on an app Used to track blood pressure, glucose, bloating, and

heart rate on an app, but found it too time-consuming

D (part 3) •• No health experience tracking or reportingNo adherence medication trackinga
• Places pills in a high visibility area

E (part 3) •• No health experience tracking or reportingUses a weekly pill organizer for drugs for the morning
and afternoon/evening

F (part 3) •• Keeps track of health experience as part of morning
routine

Uses calendar app, alarms, and reminders to track
medication

• Tracks blood pressure, glucose, time in range, weight,
and pain on calendar app

G (parts 2 and 3) •• No health experience tracking or reportingUses retail pharmacy app for tracking medications list

H (part 3) •• Uses health app for tracking glucose (<30 min/d)Uses phone alarms
• •Manual pill box used in the morning and after-

noon/evening
No other health experience tracking or reporting

aDigital or nondigital.

Part 1: Internet Survey

Sample Characteristics
In part 1, a total of 67% (37/55) of participants with
cardiovascular disease completed the survey (Table 1). In total,
59% (22/37) participants were female, 59% (22/37) participants
were White, 27% (10/37) participants were Black or African
American, 62% (23/37) participants were aged ≥60 years, and
81% (30/37) participants had been educated beyond high school.
Most (28/37, 76%) had been managing their health condition
for >5 years. Overall, 78% (29/37) of survey respondents

reported using mHealth apps at least once during the day to help
manage their condition, with 35% (13/37) respondents reporting
that they used mHealth apps somewhat or very often.

Understanding of Existing App Features
When presented with the “Tutorial for New Users” feature
(Multimedia Appendix 2), 70% (26/37) of respondents indicated
they would continue to use the feature, rather than skip it, and
expressed a high level of understanding at each step of the
tutorial. Confidence in navigating to various tabs within the
Care4Today Connect app was high and most (28/37, 76%) felt
at least somewhat likely to use the app after the tutorial.
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Respondents understood the concept of the “Earned Points”
feature (Multimedia Appendix 2) and most (29/37, 78%) were
confident in earning points when using the app but questioned
the value of the points reward system. They considered the true
value of the app to be in its ability to streamline the functionality
of many apps they might be using into one.

Earning points may be motivation for using the app.
However, the ability to condense what several apps
do into 1 app for me would be a higher motivation.
[It] would be nice to focus on that as a convenience
and usability feature. [Female participant, 60-69
years, cardiovascular and metabolic disease]

App Use in Clinical Study
Respondents were asked to assume they had enrolled in a
clinical trial that used the Care4Today Connect app and to
consider what might drive them to use the app. Motivating
factors included contributions to research (33/37, 89%), helping
others (29/37, 78%), learning about health/disease (29/37, 78%),
improving health (26/37, 70%), better disease management

(25/37, 68%), and helping track medications (19/37, 51%).
Potential drivers for not using the app included concerns around
confidentiality/health data privacy and time obligation.

I would want control of when data is sent to my health
care providers and who is authorized to receive that
data. [Male participant, 60-69 years, bladder cancer]

If it is a huge time obligation, or if it doesn’t sync
with my watch, or if it means that I still have to use
multiple other apps that I already use on a daily
basis... [Female participant, 20-29 years, pulmonary
hypertension]

Most participants thought the app would be useful in monitoring
self-tracked health metrics, such as blood pressure or pain
(29/37, 78%), health trends and progress (28/37, 76%), and
lifestyle habits (27/37, 73%) (Table 3). Additionally, on a scale
of 1 to 10 (where 1 was unlikely and 10 was very likely), most
participants (28/37, 76%) selected a response of 7 or higher,
indicating that they were likely to recommend the app to a friend
or coworker.

Table 3. Self-track features of the Care4Today Connect app considered by participants as useful (part 1; n=37). Also, more than 1 item could be selected.

Respondents, nActivity

29Tracking health metrics (eg, blood pressure, pain)

28Monitoring my health trends and progress

27Tracking lifestyle habits (daily routine, step count, mood, and sleep)

27Learning new information about my health

19Refreshing my knowledge on my health

18Remembering when my medical appointments are scheduled

17Remembering to take my medication as prescribed

4Other

Part 2: Cocreation

Sample Characteristics
Three participants from the CAD- or PAD-specific PERC were
selected to participate in the virtual focus group in part 2,
including 1 male and 2 female patients who were aged between
40 and 59 years, and all of whom were taking 7 or more
medications (Table 1).

Adding Medication Data for Tracking Features
Currently, adding medication data to the Care4Today Connect
app involves manual input of multiple fields to create a
customized experience for medication tracking (Multimedia
Appendix 3). Illustrative mockups of potential features designed
to enable auto-adding medication data to the app were shared
with the 3 focus group participants (Multimedia Appendix 4).

Participants saw value in both options to auto-add medication
data into the app. Adding medication data via a third-party
insurance portal (option 1) was considered the most appealing
and convenient solution for the initial setup, allowing a
significant number of medications to be added at the same time.
Adding medications with OCR technology (option 2) was not
considered suitable for initial medication upload due to the

associated time burden for patients with CAD, PAD, or both
who are typically taking multiple medications; however, this
feature was thought to be a better, more intuitive, simpler
alternative to option 1 for subsequent additions and changes to
medication lists.

For the initial setup, have it imported from your
doctor’s office…I would use both but initially I
wouldn’t want to take photos of 9 or 10 different
bottles to set it up. [Female participant, age 50-59
years, PAD]

Other suggestions for simplifying the process of adding
medication data included integration with other medical apps,
such as MyChart, and pharmacies. Of the 3 focus group
participants, 2 already used MyChart for tracking the dosing
and frequency of their medications, refills, setting and tracking
appointments, contacting their HCPs, and reporting their health
experiences (Table 2). Participants also suggested that
connection to pharmacies to add medication data may be useful
because pharmacy records are typically updated faster than
electronic health record data.
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Self-Reporting Health Experience Features
Participants considered it a simple process to set up the
Care4Today Connect app to track and self-report health
experiences. While participants were sensitive to the burden of
manual reporting of their health experiences, for 67% (2/3) of
them this was outweighed by the perceived value of sharing
data with their clinical team and having access to a record of
their metrics. These 2 participants were willing to manually
track their data for approximately 20 minutes/day, a time
window corresponding to their disease management routines.

Reminder notifications on apps were considered critical for
ongoing tracking, especially when set up to correspond with
existing routines. Snooze and follow-up alarm functionalities
were requested, rather than a single reminder. Participants
expressed a strong preference for wearables or smart devices
to overcome the burden of tracking.

Before I track any of these manually, I’d get one of
those [smart] watches so it’s tracking for me. [Male
participant, age 60-69 years, PAD and CAD]

Participants could also see the benefits of immediate feedback
based on their self-reported health experiences, such as an
automated notification to follow-up with their care team for
high blood pressure. A strong preference for HCP-driven
notifications and feedback was noted as participants expressed
concerns and distrust over generic automated
algorithm-generated notifications.

I want the doctors to look at my data and be able to
intervene if [that is] something that’s about to happen.
[Female participant, age 40-49 years, PAD]

No [I would not trust the generic notifications]. That
type of stuff will have to come from the doctor. I don’t
know who’s behind that information. [Female
participant, age 40-49 years, PAD]

Other Areas for Improvement
Other improvements to the Care4Today Connect app were
discussed during the focus group. Areas of concern cited by
participants included font sizes, number of fields, and amount
of typing required to log into insurance portals to add medication
data. One of the recommendations was a
multiplatform/multidevice app with the ability to sign into a
cloud portal via a laptop or tablet, which would have a larger
screen and easier-to-use keyboard than a smartphone. A
conversational AI interface was suggested, with language that
makes reporting health experiences easier and more natural,
intuitive, and engaging (eg, “Are your legs hurting today?” vs
“Please report leg pain today”).

We don’t want to load data through the keyboard on
[the] phone…most of us are down to 1 or 2 fingers
using that. It’s a very slow process as opposed to a
regular keyboard even if we’re still just using the
same 2 fingers. [Male participant, age 60-69 years,
PAD and CAD]

Part 3: Validation
In part 3, we sought to validate the additional enhancements
proposed during part 2 (Figure 2) through 8 individual
interviews with participants with CAD, PAD, or both, using a
semistructured discussion guide and visuals of prototypes
(Multimedia Appendix 6).
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Figure 2. Care4Today Connect app: new features proposed for release 1.0 in CAD or PAD (part 2; n=3). CAD: coronary artery disease; HCP: health
care provider; OCR: optical character recognition; PAD: peripheral artery disease; PRO: patient-reported outcome.

Sample Characteristics
Eight of the sponsor’s cardiovascular PERC participated in part
3 of the research. Nearly two-thirds (5/8, 63%) of those
interviewed were female, half (4/8, 50%) were White, most
(7/8, 88%) had been educated beyond high school, and around
two-thirds (5/8, 63%) were aged 50 years and older.
Comorbidities were common, with 63% (5/8) reporting
comorbid diabetes, and rates of polypharmacy were high, with
88% (7/8) of participants routinely taking ≥7 medications/day.
Most participants used an app or a manual pill box as a reminder
to take their medication, but only 50% (4/8) of individuals
tracked their medications and fewer (3/8, 38%) tracked and
reported their health experiences (Table 2).

Adding Medication Data Feature
In a study population with marked polypharmacy, participants
found value in an app that helps them manage their medications
together.

This would be very helpful because it would be all
my medications and not just some. [Female
participant, age 50-59 years, PAD]

Both proposed medication data features (insurance portal and
OCR technology) were well received. When rating the perceived
value of each new feature, most participants reacted neutrally
to the current manual method of adding medication data for
tracking (Figure 3). Most respondents taking ≥7 medications/day
(6/7, 85% of participants) considered automatically added
medication data from a trusted third party (eg, insurance portal)
to be a highly valuable feature. The remaining participant, who
was taking 5 medications/day, preferred to upload medications
to the app manually rather than via the 2 new features.
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Figure 3. Perceived value of and willingness to use Care4Today medication upload features (part 3; n=8). Each circle represents a participant’s response
(3 per participant).

While the overall perception of using a third party to add
medication data was positive, respondents flagged several
potential barriers to its use. Two participants voiced concerns
about medication accuracy due to delays in changes to
medications on the provider portal. Two participants also
worried about the accuracy of medication lists if insurance
providers and pharmacies mix claims or if their medication
records are not up to date. Another participant mentioned that
their small insurer may not be connected to the app.

All respondents saw value in adding medication data via OCR
technology for new medications or medication changes. Most
found this approach to be preferable to manually typing on their
smartphone, particularly due to dexterity issues caused by old
age or disease. Only 1 participant felt taking an image of their
medication bottle would be difficult, due to shaking hands.

All participants expressed the need to have both options
included. Most (6/7, 85%) participants stated that the inclusion
of these features increased the likelihood that they would use
the Care4Today Connect app.

Self-Reporting Health Experiences Feature
Participants reacted positively to a dedicated tool for tracking
and sharing their CAD, PAD, or combined health experiences
with their HCPs. Most expressed regret about having inaccurate

discussions in their HCP visits due to gaps in their self-tracking
of health metrics and experiences.

I want to start tracking my symptoms when and where
they occur because my doctor does not believe me
when I tell him. [Female participant, 40-49, PAD]

I often forget what happened last week or last month,
so I don’t discuss my old symptoms with my doctor.
[Female participant, 60-69, CAD and PAD]

Presented with mock-ups of a conversational AI interface for
tracking their health experiences (Multimedia Appendix 7),
most participants indicated they preferred the more traditional
route (ie, inputting data into fields or selecting options). The
conversational interface was perceived to be impractical overall,
and unsuitable for the reporting of health experience metrics.

I do not want to have a conversation, just log my data.
[Male participant, 70-79, CAD and PAD]

The text one feels less private. [Female participant,
50-59, PAD]

Despite understanding the value of tracking and reporting their
data to share with their HCPs, participants were hesitant to
dedicate a significant amount of time to this. On average, they
were willing to spend 10-15 minutes a day tracking their health
metrics and experiences (4 or 5 metrics/day), including
medications (Figure 4).

Figure 4. Expected time dedicated to reporting of health metrics and experiences, including symptom and medication reporting (part 3; n=8). Each
circle represents 1 participant.

I’d say 10 or 15 minutes. I mean, that’s pretty fair.
We waste 10 or 15 minutes a day playing our little
online games or something like that, so why not do
something that could possibly benefit us, especially

if the doctors are directly linked to the app? [Female
participant, age 40-49 years, PAD]

Certain health data and experiences were more likely to be
tracked and reported than others, particularly those
recommended by HCPs (Table 4). Participants with existing
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health or medication routines were most likely to track and report their health experiences.

Table 4. Number of participants likely to self-track and report patient-reported outcomes (part 3; n=8).

Participants, nHealth metric

6Blood pressure

5Glucose levels

5Chest/leg pain or discomfort

2Swollen feet and limbs, bloating

2Sleep

2Weight

1Heart rate

1Cramping

1Shortness of breath

1Palpitations

“For You” Section
A “For You” section in the app was considered essential to
create an all-encompassing platform for managing CAD, PAD,
or both. Personalized notifications were believed to be of value
if they were validated by an HCP, rather than being an
automated response from the app. These might include
recommendations or actions for a particular health metric (eg,
go for a walk), alerts to contact the care team (eg, call the nurse
or schedule an appointment), and changes in medication.

I like it because you’re directly communicating with
your doctor instead of waiting a month in pain.
[Female participant, age 40-49 years, PAD]

I think it [rule-based notifications] would still be
appreciated, but I think it would be deeply
appreciated coming from the provider’s practice.
[Female participant, age 60-69 years, PAD and CAD]

Other Areas for Improvement
The user interface of the Care4Today Connect app was well
received, particularly because of its simplicity, design, and
intuitive workflow. There was an agreement with earlier
feedback from the part 2 virtual focus group that the visual
design could be improved by increasing button size, font size,
and font contrast, and altering colors, to address accessibility
and visibility challenges.

Discussion

Principal Results
This mixed methods research identified technological app
enhancements to the Care4Today Connect, including improving
the utility of the medication tracking as well as improving
self-reported health data and experiences with relevant care
team feedback, to optimize its ability to meet the specific
requirements of patients with CAD, PAD, or both.

The existing Care4Today digital platform is continuously
updated to enhance its utility. An initial internet survey of a
broad group of cardiovascular participants, including those with

CAD and PAD indicated a general understanding of key
features, as well as opportunities for further enhancements.
Based on this, we asked participants with CAD, PAD, or both
for suggestions on improving the app. In a virtual focus group
and individual interviews, participants told us they could see
value in using technology to help add their medication data for
tracking because it could reduce the user burden of having to
manually add medication data. Participants also indicated that
they would find self-reporting their health experiences valuable
if the time obligation was not onerous. Further, respondents
were interested in personalized in-app feedback from their care
team based on their self-reported medication tracking and health
experiences.

Comparison With Prior Work

Adding Medication Data Feature
Polypharmacy is common in the CAD, PAD, or both
populations, who typically comprise an older cohort with
multiple comorbidities. In our focus group sample, 7/8
participants reported taking ≥7 medications/day, with 2
participants taking >15 medications/day. This is consistent with
data from a claims-based study (n=148), in which 91% of
patients with CAD were found to be taking ≥5 medications,
with 74% taking ≥5 cardiovascular medications [10].

Polypharmacy is linked to both medication errors [11] and
nonadherence [12]. mHealth apps provide a patient-centered
means of targeting medication adherence [22]. Participants in
our study stated that they would welcome multiple features on
the Care4Today Connect app to allow for automated medication
data to assist with medication tracking. Minimizing the reliance
on manual input of data, by offering automated options, should
reduce both the time burden associated with manual input and
the potential for data entry errors. While older adults with CAD
are proficient users of mobile apps and find them useful for
medication adherence [23], our research highlights visibility
and dexterity challenges as barrier to their use, particularly on
a small screen. Automatic addition of medications using OCR
technology has been shown to track medication adherence
accurately [24], and optimization and flexibility of medication
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data input are commonly requested by users of medication
adherence apps [22].

Self-Reporting Health Experiences Feature
A recent poll suggests that 2 in 5 US adults use mHealth apps,
with at least half of them using the technology daily [25]. There
is clear familiarity with this kind of technology among the
general population and evidence of improvements in adherence
and short- and long-term outcomes in people with CAD, PAD,
or both who use mHealth apps [14-17]. Nevertheless, many of
those in our study were either not currently tracking their
medication and health experiences or were tracking these metrics
through different channels or methods, such as pill boxes. In
total, 78% of participants in part 1 said they used mHealth apps
to help manage their disease, but only half the patients with
CAD, PAD, or both in parts 2 and 3 reported routinely tracking
their medications, with even fewer tracking and reporting their
health experiences. Time constraints were identified as a barrier.

The ability to connect with their HCP or clinical team was
positively received and participants were interested in additional
notifications if they came with a personalized recommendation
from their HCP. Immediate feedback on health metrics can
enhance user engagement, motivation, and, potentially, patient
outcomes by providing the user with a sense of progress. Indeed,
a questionnaire-based survey of 180 patients with PAD
concluded that information, monitoring, and feedback were the
most relevant mHealth app components for this population [26].

Strengths and Limitations
Patient feedback is essential for the optimization of the content
and quality of digital health tools. The cocreation and validation
approach used in our research ensured that participants with
CAD, PAD, or both were involved in the co-design and
refinement of potential enhancements to the Care4Today digital
platform that would address their unique needs. Both
quantitative and qualitative components ensured that valuable
patient insights and rich context around their choices were
captured to guide future app development. However, this was
exploratory research and, as such, had several limitations. First,
as with many studies of this nature, our focus group and
interviews involved only a small number of participants with
CAD or PAD, or both. Hence, our findings are not generalizable
to t the broader population with CAD, PAD, or both. Second,
while the study sample was ethnically and demographically
diverse, participants had been invited to participate from existing
PERC programs and, as such, self-selection bias resulted in a

sample of participants that were more engaged and aware of
their disease than the wider population of those with CAD or
PAD, or both. This could potentially influence responses toward
greater familiarity with mHealth apps. Third, CAD and PAD
diagnoses were self-reported. There is a risk that self-reported
diagnoses may differ from clinical diagnoses depending on the
quality of patient–clinician communication, time since diagnosis,
and the health literacy of the patient. Finally, employees of the
Sponsor were present during virtual sessions. However,
CorEvitas and ZS Associate researchers introduced themselves
including first name, company affiliation, and research
objectives. The facilitator’s introduction informed participants
of sponsor’s presence but also included instruction that the aim
was to gather participants’ honest feedback and there were no
wrong answers.

Future Directions
Patients and HCPs are key stakeholders of any digital health
tool, including the Care4Today Platform. Feedback from both
groups is inherent to the digital platform’s usability and
adaptability across the health care system. While this article has
focused on the patient, the Care4Today team has also engaged
key opinion leaders in the Cardiovascular space, which include
HCPs and professional organizations. There is an opportunity
to take learnings from both engagements and explore a study
where codevelopment and validation are conducted with both
patients and HCPs.

Conclusions
The Care4Today digital platform is focused on improving
medication adherence, enabling self-reporting of health
experiences providing patient education, enhancing connection
with HCPs, and facilitating data and analytics learning across
select disease areas. Our exploratory mixed methods research
sought to identify how to improve the overall experience of
patients with CAD or PAD, or both using Care4Today Connect.
The goal was to understand patient insights and preferences on
how they could add and self-report medication and health
experience data. Key takeaways include recommendations to
focus on enhancements that could reduce user burden through
automation and technology, and foster HCP connection with
personalized feedback. Incorporating new features that have
been ideated and validated by patients, who are also end users,
is crucial to the development and utility of digital apps. Through
this research, the Care4Today team can prioritize the next
iteration of the platform to optimize the experience for both
patients and health care teams.
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Abstract

Background: Patients with cardiovascular implantable electronic devices (CIEDs) typically attend in-person CIED clinic visits
at least annually, paired with remote monitoring (RM). As the CIED data available through in-person CIED clinic visits and RM
are nearly identical, the 2023 Heart Rhythm Society expert consensus statement introduced “alert-based RM,” an RM-first
approach where patients with CIEDs that are consistently and continuously connected to RM, in the absence of recent alerts and
other cardiac comorbidities, could attend in-person CIED clinic visits every 24 months or ultimately only as clinically prompted
by actionable events identified on RM. However, there is no published information about patient and clinician perspectives on
barriers and facilitators to such an RM-first care model.

Objective: We aimed to understand patient and clinician perspectives about an RM-first care model for CIED care.

Methods: We interviewed 40 rural veteran patients who were experienced with RM with CIEDs and 22 CIED clinicians who
were experienced in using RM regarding barriers and facilitators to an RM-first care model. We conducted a reflexive thematic
analysis of interviews. Two authors familiarized themselves with the dataset and generated separate codebooks based on the
interview guides and inductively coded notes. These 2 authors met and reviewed each other’s codes, sought additional author
input, and resolved differences before 1 author coded the remaining interviews and developed candidate themes. These themes
were refined, named, and supported with quotations.

Results: Patients expressed interest in an RM-first approach, to reduce the burden of long travel times, sometimes in inclement
weather, and to enable clinicians to provide care for other patients. However, many preferred routine in-person visits; reasons
included a skepticism of the capabilities of RM, a sense that in-person visits provided superior care, and enjoyment of in-person
patient-clinician relationships. Clinicians were interested in RM-first care, especially for stable, RM-adherent patients who were
not device-dependent. Clinicians most frequently cited the benefit of reducing patient travel burden as well as optimizing clinic
space and time to focus on other care such as reviewing routine RM transmissions, but also noted barriers including lack of
in-person assessment, patient-perceived diminution of the patient-clinician relationship, possible loss to follow-up, and technological
difficulties. Clinicians felt that an RM-first care model should be evaluated for success based on patient satisfaction and assessment
of timely addressing of rhythm issues to prevent adverse outcomes. Most clinicians believed that RM-first care represented the
future of CIED care.

Conclusions: Both patients and CIED clinicians interviewed who were experienced in using RM were open to an RM-first care
model that reduces in-person visits but reported some barriers to solely relying on RM and possible diminution of the
patient-clinician relationship. Implementation of new RM recommendations will require attention to these perceptions and
prioritization of patient-centered approaches.

(JMIR Cardio 2025;9:e66215)   doi:10.2196/66215
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Introduction

Remote monitoring (RM) is the standard of care for patients
with cardiovascular implantable electronic devices (CIED;
pacemaker or implantable cardioverter-defibrillator [ICD]) [1,2].
RM involves sending CIED data from a patient’s residence via
a transmitter or smartphone app. Routine transmissions are
usually sent every 90 days and can also be patient- or
alert-initiated. RM is a Class 1, Level of Evidence A,
professional society recommendation because of its many
clinical outcome benefits [1,2]. These include reduced mortality
[3-5], fewer hospitalizations [3,6], fewer inappropriate ICD
shocks [7], as well as high patient satisfaction [8].

In addition to RM, CIEDs can also be checked in person;
traditionally, patients attend routine in-person clinic visits at
least annually [1]. However, because nearly all of the same
CIED-related data can be obtained via RM, an alternative would
be to end in-person visits completely if patients were
consistently and continuously connected to RM, with in-person
evaluations only when needed for clinically actionable reasons,
such as CIED reprogramming [2].

The 2023 Heart Rhythm Society (HRS) expert consensus
statement on practical management of the remote device clinic
introduced such a novel care model, “alert-based RM,” in which
patients with CIEDs that are consistently and continuously
connected to RM, in the absence of recent alerts or other cardiac
comorbidity, could attend in-person CIED clinic visits every
24 months (class 2a recommendation) [2]. This statement is
supported by multiple randomized, controlled trials that have
demonstrated no difference in cardiovascular events [2,9-11]
while reducing in-person visits, loss to follow-up, staff
workload, and costs of care [9-11].

Additionally, the professional society expert consensus discussed
the possibility of ending all routine in-person visits, given that
these visits may be “low-value” because most conclude that the
CIED is working properly [2]. In-person visits would occur
only as clinically prompted by actionable events identified on
RM. Such an RM-first care model, where patients have routine
in-person visits every 2 years, or even only as needed, if they
remain consistently and continuously connected could be
especially helpful for the Veterans Health Administration (VHA)
patient population, because approximately 40% of veterans with
CIEDs who participate in RM live in a rural area [12] (defined
as a land area outside of a census tract with ≥30% of the
population residing in an urbanized area as defined by the
Census Bureau) [13] and often have long travel times to clinic
visits.

Despite these potential advantages and the HRS recommendation
supported by multiple randomized controlled trials, patient and
clinician perspectives on this new care model have not been
studied. To understand barriers and facilitators to
implementation, we conducted a mixed methods evaluation to

explore the perspectives of device clinicians and veterans with
CIEDs on an RM-first care model.

Methods

Interview Guide and Survey Development
One semistructured interview guide for veteran patients and
one for clinicians (Multimedia Appendix 1) was developed by
the investigator team using the updated Consolidated Framework
for Implementation Research [14]. The veteran interview guide
was developed based on a prior veteran survey about RM [15]
and revised with input from the Rural Colorado Veteran
Research Engagement board. The clinician interview guide was
developed through an iterative process with input solicited from
practicing VHA cardiologists and the incorporation of concepts
from new HRS recommendations [2].

Both interview guides sought to understand barriers and
facilitators to an “RM-first strategy,” defined as in-person CIED
clinic visits only if clinically prompted among patients engaged
in RM. Patients were informed that similar data were obtained
through RM as in-person visits; they may need in-person visits
for abnormalities identified on remote transmissions; they could
still contact their device clinic; and their other visits, such as
with primary care, would continue. Patients were asked about
the travel burden to VHA, how their care may have changed
during the COVID-19 pandemic, and any concerns about
reducing routine in-person CIED clinic visits. Device clinicians
were asked about the benefits and barriers to this new care
model, and how this may change their practice flow. A 23-item
Qualtrics survey was also administered to gather professional
and demographic data as well as preinterview information about
clinician impressions of RM-first care (Multimedia Appendix
1). Specifically, this survey asked clinicians how often they
conducted routine evaluations for patients with CIEDs, stratified
by adherent and nonadherent patients, and what clinicians did
when patients did not want to schedule routine in-person CIED
checks or missed an in-person CIED check. This survey also
asked clinicians about the anticipated benefits and concerns of
an RM-first strategy, how effective that it would be concerning
cardiovascular outcomes, and if such a strategy would help their
clinic.

Of note, partway through the clinician interview process, the
draft 2023 HRS expert consensus was released [2], introducing
an “alert-based care” model, similar to RM-first care. Therefore,
the interview guide was then adapted to solicit feedback about
this recommendation. For the veteran interviews, a question
was added about the veteran’s view of the new
recommendations.

This was a quality improvement project conducted in partnership
with the VHA Measurement Science Quality Enhancement
Research Initiative and the VHA National Cardiac Device
Surveillance Program.
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Study Population and Contact Process
Veterans were eligible for interview inclusion if they had a
CIED, were completely adherent to RM in the past 400 days
(which means that they had sent a remote transmission covering
this timeframe), [12] and lived in a rural area. Introductory
letters were sent to 100 randomly selected veterans meeting
these criteria (since these participants did not know the project
team), 91 of whom were then contacted at least once via a
telephone connection to Microsoft Teams. The letter described
the study background and objectives as well as topics that would
be covered by a named VHA staff member (SM). Up to 3
contact attempts were made, with a message left for each
unanswered attempt.

A purposive sample of VHA CIED clinic-focused clinicians
who had been interviewed for a prior project about best practices
to support RM adherence were contacted for interview [16]. An
introductory email described this study’s background, objectives,
and potential changes that may result from findings as well as
information about the project team and funding source. Snowball
sampling was then used, asking these clinicians to recommend
colleagues at their device clinic. Finally, purposive sampling
was used to contact clinicians caring for a high proportion of
veterans living in rural areas to more adequately represent rural
clinician perspectives.

Interview Process
Informed consent was obtained before recording all interviews,
which were conducted on and recorded using Microsoft Teams.
Between November 2022 and February 2023, a total of 40
veterans were interviewed by coauthor SM (BS, male,
qualitative researcher), with each of these 40 individual
interviews lasting 5‐15 minutes in length and some attended
by coauthors TLR (MPH, male, public health researcher) and
SSD (MD, MHS, male, cardiologist). Between November 2022
and February 2023, a total of 22 clinician interviews between
30‐60 minutes were conducted by TLR, with some attended
by SSD. Field notes were taken during both sets of interviews
to summarize key points and supplemented with transcribed
interview recordings to ensure accuracy. There were no repeat
interviews.

Qualitative Data Analysis
Reflexive thematic analysis [17,18] of interview field notes and
transcripts was used to elucidate veteran and clinician views
about RM-first care.

First, authors AK (MD, female, cardiology fellow) and TLR
familiarized themselves with the dataset by reading the field
notes and transcripts, making notes about the overall findings
within both sets of interviews (veteran and clinician) and
reflecting on their experiences in the direct care of patients with
CIEDs (AK) and research and quality improvement efforts for
care of patients with CIEDs (TLR). Next, the authors generated
separate codebooks based on the domains of the distinct
interview guides. For veteran interviews, AK and TLR
independently coded 6 distinct interview notes, which involved
generating additional codes identified inductively, for the goal
of reflexivity. These 2 authors then met and reviewed each
other’s codes, sought SSD’s input, and resolved any differences

by consensus, creating 1 final codebook. AK then coded the
remaining interviews and developed candidate themes,
supporting each theme based on coded data and direct
quotations. AK’s candidate themes were intentionally broad.
TLR and SSD reviewed these themes with AK against the coded
data, leading to refining and then naming these themes. Finally,
AK wrote the analytic narrative and supported these themes
with quotations directly from the veteran interviews to describe
veteran perspectives. Coauthor SSD provided iterative feedback
on several versions of the analytic narrative to improve clarity
and increase confirmability.

For clinician interviews, AK and TLR first independently coded
3 distinct interview notes, which involved generating additional
codes identified inductively. These 2 authors then reviewed
each other’s codes and resolved any differences by consensus.
AK then coded the remaining interviews. The authors used the
same process as described above for thematic generation,
refinement, and naming. AK wrote the analytic narrative, which
is presented in the Results section of this paper, and supported
these themes with quotations directly from the interviews. We
conducted both clinician and patient interviews until reaching
thematic saturation on two criteria, (1) no new concepts were
identified in iterative analysis interviews (code frequency
counts) and (2) there was consistent repetition among
interviewee responses without any new information being added
to existing codes (code meaning) [19,20]. The number of
interviews that we conducted with both our population of
veterans and Veterans Affairs (VA) clinicians exceeded the
number (n=17) found in recent empiric studies [20].

Atlas.ti 23 (ATLAS.ti Scientific Software Development GmbH),
a qualitative analysis software, was used to organize and apply
analytic codes.

Ethical Considerations
This work was conducted as a quality improvement project and
not human subjects research. Per the Department of Veterans
Affairs Office of Research & Development Program Guide:
1200.21, “VHA (Veterans Health Administration) Operations
Activities That May Constitute Research,” data were collected
as part of a quality improvement study to assess and improve
the quality of RM care for veterans with CIEDs and did not
require institutional review board approval. Veteran and
clinician participants were informed at study enrollment that
responses would be anonymized, and verbal consent to recording
was acquired before each interview. No compensation was
provided. Study data were deidentified and stored in a secure,
encrypted VA database.

Results

Veteran Interviews

Overview
Among the 100 veterans who were initially mailed a letter to
request participation, for patient sex, 97 (97%) were male and
3 (3%) were female; for patient race, 2 (2%) were American
Indian or Alaska Native, 7 (7%) were Black or
African-American, 3 (3%) were Native Hawaiian or other
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Pacific Islander, 81 (81%) were White, 5 (5%) declined to
answer, and 1 (1%) was unknown; and for patient ethnicity, 1
(1%) was Hispanic or Latino, 96 (96%) were not Hispanic or
Latino, 1 (1%) declined to answer, and 2 (2%) were unknown.
Of 45 veterans contacted, 40 agreed to an interview (5 declined;
Figure 1). The mean patient age was 77.6 (SD 8.9) years and
all 40 were male (Table 1).

For their current care, most patients reported attending routine
in-person visits to have their CIED checked (Table 1), usually
every 6‐12 (range 2‐12) months. Many patients bundled
other in-person VHA visits for convenience. Most patients did

not think the COVID-19 pandemic had significantly changed
their current CIED care.

When asked about an RM-first care model, 4 veterans preferred
RM-first, 16 were amenable, 2 had no preference, and 18 did
not want it. When asked what feedback they would prefer in an
RM-first care model, few veterans wanted to know only when
there was a problem, whereas more wanted feedback regarding
successful or normal transmissions. The themes of barriers and
facilitators to RM-first care described by veterans are in Table
2.

Figure 1. Flow diagram for veteran contact. CIED: cardiovascular implantable electronic device; RM: remote monitoring.
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Table . Characteristics of veterans interviewed (n=40).

Veterans interviewed

77.6 (8.9)Age (years), mean (SD)

Gender, n (%)

40 (100)Male

0 (0)Female

Race, n (%)

1 (2)American Indian or Alaska Native

2 (5)Black or African American

1 (2)Native Hawaiian or other Pacific Islander

35 (88)White

1 (2)Declined to answer

Ethnicity, n (%)

0Hispanic or Latino

39 (98)Not Hispanic or Latino

1 (2)Unknown

Type of device, n (%)

18 (45)Implantable cardioverter-defibrillator

22 (55)Pacemaker

34 (85)Wireless-capable devicea

Attended an in-person device clinic visit in the past year, n (%)

23 (58)Yes

17 (43)No

Attended a telephone device clinic visit in the past year, n (%)

28 (70)Yes

12 (30)No

Attended a VAb Video Connect device clinic visit in the past year, n (%)

3 (8)Yes

37 (93)No

Travel time to the VA (time for 1-way trip), n (%)

17 (42)Less than 1 h

15 (38)1‐2 h

6 (15)2‐3 h

2 (5)More than 4 h

Patient-reported frequency of in-person device clinic visits, n (%)

1 (2)Every 2‐3 weeks

2 (5)Every 2 months

6 (15)Every 3‐4 months

13 (32)Every 6 months

3 (8)>6 months and <1 year

13 (32)Every year

2 (5)Not available

aFor context only, the 6 devices that were not wireless-capable were all pacemakers.
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bVA: Veterans Affairs.

Table . Themes of barriers and facilitators to remote monitoring-first care.

FacilitatorsBarriers

Veterans

Travel burden    Importance of in-person care

Weather-related concerns    Concerns about the adequacy of RMa technology for care

Comfort with technology    Loss of clinician-patient relationship

Reducing the burden on the VHAc device clinicN/Ab

Clinicians

Reduced veteran travel burden    Benefits of routine in-person assessment

Optimization of clinic space and clinic staff time    Reducing veteran contact with VHA

More time to review routine transmissions and improve RM adherence    Clinic operations-related changes

No concern about relative value units    Technology and technological difficulties for veterans and clinicians

aRM: remote monitoring.
bN/A: not applicable.
cVHA: Veterans Health Administration.

Barriers to RM-First Care

Importance of In-Person Care

Many patients who were not amenable to RM-first care believed
that in-person evaluations provided more valuable information
and essential care that could not be obtained another way. As
one veteran stated,

In person… they take a lot of recordings and stuff
when they check the defibrillator… I think that it is
[more accurate].

Concerns About Adequacy of RM Technology for Care

Many veterans expressed concerns about the adequacy of RM
technology for care. For some, this was based on a lack of
comfort and sometimes a lack of confidence in RM technology
or a belief that they needed more care because they had serious
cardiac conditions.

[Remote monitoring] is a good idea if we can
understand what to do with the electronics… That is
a little difficult for us.

Some of these concerns may stem from an expressed lack of
information about the capabilities of RM, what parameters are
obtained from RM, and what clinicians do with that information.

I’m not sure how they can check my [device] with the
online system that I have…I don’t see how they would
do it virtually, because they usually have to put a
wand over the pacemaker to check its function.

Loss of Clinician-Patient Relationship

A few patients noted that the loss of their relationship with their
clinician would be a barrier to an RM-first care model.

I actually look forward to the patient to doctor type
meetings… there’s something to be said about
personal visits.

Benefits of RM-First Care

Travel Burden and Weather-Related Concerns
Many veterans noted less time and cost burden would be
required for travel to their VHA facility. For a few patients, this
was related to poor mobility.

It saves me 100 miles of driving, and if we can
accomplish the same thing, I think that would be a
lot better.

I don’t have to spend an hour on the highway and
save on gas too.

For some veterans, this travel burden was sometimes due to
weather-related issues.

It’s a little bit because of the snow and weather here
in Montana, and the pass that I have to go over to get
to the VA.

Comfort With Technology
Several veterans did not have concerns regarding reduced quality
of care with forgoing routine in-person visits and were
comfortable with the quality of RM. As one veteran stated,

The technology is going to continue to improve. And
those monitors are just going to get better and better.
So that really eliminates the need to go inside and
talk to the technician… If I don’t have to [go to
face-to-face visits], you’re not exposing yourself to
other patients being sick and all that.

Some veterans felt reassured that RM would adequately monitor
their device.

I think it would be alright as long as I know they’re
checking my machine and make sure it’s up running.
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Reducing Burden on the Clinic
Some patients mentioned that this new model of care would
reduce the burden on their VHA clinic, and help other veteran
patients get care.

Your clinician can actually be seeing somebody that’s
really in need instead of doing a basic maintenance
check.

Clinician Surveys
Of 22 clinicians interviewed, 20 (87%) participated in the
survey, 14 (64%) of which were fully complete. Of the 20
respondents, 6 were MD/DOs, 7 were advanced practice
providers (APPs), 6 were registered nurses (RNs), and 1 was a
medical instrument technician (Table 3). Ten self-identified as
female and 6 self-identified as non-White. Almost half of the
respondents had been working at their current VHA cardiology
clinic for >10 years. All clinicians were focused on CIED-related
care and were not serving as patients’ primary cardiology
clinician.

The most commonly reported scheduling frequency for routine
in-person ICD and pacemaker evaluations was every 12 (range
4‐12) months, used by 72% (n=13) and 83% (n=15) of
clinicians, respectively (Table 4).

Seven (39%) clinicians reported using an RM-first strategy for
some patients. Sixteen (89%) thought this strategy would
improve veteran convenience by reducing appointments and
travel time. Six (33%) expected it would enable more care for
other patients with heart rhythm disorders.

However, 12 (63%) clinicians were concerned about a reduction
in the quality of veteran care and 10 (53%) about
veteran-perceived abandonment. Fifteen (83%) respondents
were confident that an RM-first strategy was as effective as RM
with in-office visits regarding cardiovascular outcomes, while
3 (17%) were not. Seven (39%) expected an RM-first strategy
would benefit their clinic, 7 (39%) were undecided, and 4 (22%)
thought it would not.
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Table . Clinician characteristics and perspectives on remote monitoring (RM)–first strategy.

Values, n (%)Characteristic

Title (n=20)

7 (35)Advanced practice provider

1 (5)Medical instrument technician

6 (30)Registered nurse

6 (30)Physician

Time worked with current VHAa cardiology clinic (n=20)

0 (0)<1 year

8 (40)1‐5 years

3 (15)6‐10 years

9 (45)>10 years

Adjustment to CIEDb care schedule if the patient does not want routine in-person CIED checks or misses an in-person check (n=19)c

3 (16)Adjust the RM transmission schedule

5 (26)Reduce the frequency of in-person device checks

2 (11)Offer video visit paired with RM as an alternative

9 (43)Offer a telephone visit paired with RM as an al-
ternative

3 (16)Other: encourage rescheduling an in-person visit

Current use of RM-first strategy for any patients (n=18)

7 (39)Yes

11 (61)No

Benefits for RM-first strategy (n=18)c

16 (89)Veteran convenience in reducing appointments
and travel time

7 (39)Better use of clinic space

6 (33)Ability to see other patients with heart rhythm
disorders

Concerns about an RM-first strategy (n=18)c

2 (11)Changes to payment structure or relative value
units

12 (63)Reduction in quality of veteran care

10 (53)Veteran patient impression of abandonment

9 (47)Reducing veteran contact with the VHA

Confidence that an RM-first strategy is as effective as RM + in-office evaluations for cardiovascular outcomes (n=18)

3 (17)Not at all confident

10 (56)Somewhat confident

3 (17)Confident

1 (5)Somewhat more confident

1 (5)Very confident

Would an RM-first strategy help your clinic? (n=18)

7 (39)Yes

4 (22)No

7 (39)Undecided
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aVHA: Veterans Health Administration.
bCIED: cardiovascular implantable electronic device.
cParticipants able to select multiple responses.

Table . Current frequency of routine in-person evaluations and remote transmission reviews reported by clinicians.

For patients with pacemakers, n (%)For patients with implantable cardioverter-defib-
rillators, n (%)

Frequency of routine in-person evaluation (n=18 clinicians)

0 (0)1 (6)    4 months

2 (11)4 (22)    6 months

1 (6)0 (0)10 months

15 (83)13 (72)12 months

Frequency of transmission review without an in person visit (n=14 clinicians)

4 (29)4 (29)    3 months

0 (0)1 (7)    5 months

1 (7)0 (0)10 months

1 (7)1 (7)12 months

8 (57)8 (57)Not applicable

Clinician Interviews

Overview
Most interviewed clinicians were open to RM-first care,
although some were not, and a few had no preference. Although
many were hesitant, they still expected that RM-first care
represented the future.

Many clinicians already had experience with RM-first care
during the COVID-19 pandemic and noted that it reduced
veteran travel time and clinician visit burden, but patient RM
connectivity was a challenge. Most clinicians and facilities had
returned to the prepandemic model of CIED care. Barriers and
facilitators to RM-first care described by clinicians are in Table
2.

Barriers to RM-First Care

Lacking Routine In-Person Assessment

The most cited barrier by clinicians was that the benefits of
routine in-person assessment during CIED clinic visits would
not be available. These concerns ranged from a general sense
that an in-person assessment was safer for patients, particularly
for patients with greater complexity, such as those with
advanced heart failure, to specifically valuing the physical
examination and opportunity for in-person medication
reconciliation. As a medical instrument technician stated,

If we cannot assess their condition in-person, then
we may find flags later that are really big issues and
then we have to adjust everything.

These concerns could also be related to missing important CIED
information, including the occasional need for reprogramming.

Reducing Veteran Contact With VHA

Another clinician-cited barrier was that an RM-first approach
would lead to a reduction in veteran contact with the VHA,

which could potentially leave patients perceiving abandonment.
As one RN stated,

In-person visits are the expectation for many patients,
so they could feel abandoned.

A physician discussed the importance of the rapport built during
routine in-person CIED visits,

Face-to-face interactions with patients and doctors
[are] important for rapport. Just putting your hand
on them can make your relationship and their comfort
with you better.

Some clinicians expressed concern that patients would be lost
to follow-up without in-person visits because device clinic visits
are used to ensure that patients have other routine cardiology
follow-up scheduled. As a physician stated,

Patients always get lost to follow-up so it’s nice to
have one more place to get eyes on them.

Clinic Operations–Related Changes

Clinicians anticipated the need for operational changes to their
clinic, including ensuring a reliable tracking system for patients
not being seen in person to prevent patients from being lost to
follow-up. As an APP stated,

I don’t know that we have a system in place for the
clinic as a whole to track things… between the device
nurse, the provider and the EP nurse navigator [we
would need] to develop some sort of tracking system.

Clinicians also perceived a need for time to review more remote
transmissions if patients were not receiving routine in-person
device clinic evaluations. As an APP shared,

Definitely more time on the nursing side to… get them
[remote transmissions] processed into the charting
system.
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Some felt that without an in-person visit, at least an annual
review of the patient’s data would be important.

I would still want a yearly review… I would go
through it with a fine-toothed comb.

Finally, there were concerns surrounding the loss of device
clinician skills if patients were no longer routinely attending
in-person visits, particularly for training new staff. As one RN
shared,

As self-taught on remote monitoring, we will get rusty
on our skills… The learning curve is pretty steep…
to feel comfortable to perform an interrogation
independently. In-person clinic follow up is our only
way of training… If we went remote-only, we would
have no way of both training new staff and keeping
current comfortable. Then when we would need to
see patients, we would be at a severe disadvantage.

Technological Difficulties

Interviewees noted that an RM-first approach placed increased
importance on RM technology and some worried that veterans
and clinicians may experience technological difficulties,
particularly because RM adherence and connectivity were
essential. As an RN stated,

The tech is the stumbling block because it’s hard to
troubleshoot the home monitor when it’s not working.
Then you have to make them come in and some would
not want to come after not coming for a while.

Benefits of RM-First Care

Reduced Veteran Travel Burden
Interviewees emphasized reduced veteran travel
burden—including reduced travel time, cost, and weather-related
issues. As an RN stated,

[RM-first care] would be good for those patients who
travel 200+ miles for 15-minute visits.

Similarly, an electrophysiologist stated,

Some drive more than 100 miles to get here... Winter
storms are another example when it is dangerous to
travel.

An RN explained that some patients have difficulty arranging
transportation and are unable to drive themselves to clinic visits,

Some patients have 4 hours travel to our
clinic…Staying home and only coming in for
reprogramming needs would be useful. Cost has gone
up as well, with fuel prices, being on the road and
eating out. There are not great DAV transportation
options. A lot of problems finding van drivers.

Finally, a few clinicians thought that RM-first care may make
some patients more likely to engage in CIED care. As one
electrophysiologist noted,

Some patients really turn off about having to come
in. There are some who are more likely to engage
through remote monitoring only.

Optimization of Clinic Staff Time and Clinic Space
Another potential benefit of RM-first care was that it could
optimize clinic staff time and often-limited outpatient clinic
space. As 1 physician described,

It would offload clinics, that’s [in-person CIED visits]
a lot of work that APPs do. They could devote more
time to a multitude of other tasks.

The time could be used to evaluate other patients with heart
rhythm disorders waiting for care, explained an APP,

Downsizing device clinic space could increase
in-person arrhythmia clinic space.

Increased Time to Review Routine Remote
Transmissions and Improve RM Adherence
Interviewees also mentioned that an RM-first care model could
increase staff time to review routine remote transmissions and
support RM adherence. One APP explained,

Some of those remote transmissions are over 100
pages long. There are days when I get 10 or more
device alerts and it takes time to go through EGMs
(intracardiac electrograms) and not missing anything.
It would provide more time on the nursing side.

No Concern About Relative Value Unit Workload Credit
Finally, most clinicians thought there would be no issue with
relative value units (RVUs) when transitioning to an RM-first
model. As an RN said,

No [concerns regarding RVUs]. ... Sometimes you
get more RVUs reviewing patients’ remote
transmissions. You can do a note for addressing a
missed transmission. People need to know the benefit
of reviewing more remote transmissions.

Implementation of RM-First Care
Clinicians thought that patients who were the best candidates
for RM-first care were those without cardiac resynchronization
therapy (CRT) devices who were adherent to RM, clinically
stable and noncomplex, not device-dependent, not having
frequent arrhythmias, good communicators, and facile with
technology. One APP explained,

There is a certain population that would be
appropriate. Younger, less comorbidities, low pacing
burdens, that sort of thing. Knowledgeable and
familiar with RM.

Many clinicians expected the decision about appropriateness
for an RM-first strategy would initially be determined by the
patient’s clinician, as an APP explained,

Anyone that the provider deems appropriate. It will
be joint decision-making between the patient and the
provider. We will talk with them and assess what their
goals are, and as long as they understand that based
on remote monitoring they would still have to come
into the clinic if clinically indicated.

When asked how an RM-first care model should be evaluated
for success, most clinicians thought patient satisfaction should
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be a key indicator, along with patient RM adherence. As an
APP said,

Adherence to remote monitoring. I think you would
want adherence over 95%. How are the Vets feeling
about it, are they satisfied? Surveys. A lot of Vets
would be amenable.

Respondents also thought it would be important to ensure there
was no increase in adverse outcomes or rhythm issues not being
identified promptly.

Prove that there are no greater adverse cardiac
outcomes. I will always be more conservative with
my Veteran patients and wary of big changes in care.

Respondents also discussed potential time savings with an
RM-first approach. As an RN said,

Measure time savings of remote monitoring.

Many interviewees also noted that monitoring for missed RM
transmissions would be central for a new RM-first care model,
but most already had a process in place for doing so. One APP
explained,

We would follow the same scheduling tracking system
we have now. It’s basically a log by manufacturer
and when they were last seen.

Discussion

Principal Results
The 2023 HRS expert consensus statement introduced
“alert-based remote monitoring,” defined as “a combination of
continuous connectivity with clinic visits that are prompted only
by the detection of actionable events,” [2] which provides the
basis for the RM-first care model that we discussed with
veterans and clinicians. Both expressed interest in this model
of CIED care and cited the benefit of reducing patient travel
burden and enabling clinical bandwidth to care for other patients.
However, patients sometimes preferred in-person evaluations
(generally for non-CIED related medical reasons and the
patient-clinician relationship), and some expressed concerns
regarding technological issues with RM. Given the VHA’s
central RM infrastructure that reviews all remote transmissions,
VHA is well-positioned to implement and study this care model,
which could inform other health systems and clinicians about
the context of implementing RM-first care. Indeed, most
clinicians expected that RM-first would ultimately become the
standard of care for CIED management.

Comparison With Prior Work
There is often substantial lag in implementing research and
consensus recommendations into clinical practice, including
inertia in initiating new care models [21,22]. Reasons for such
inertia include overestimation of existing care as well as lack
of practice organization to achieve therapeutic goals [22].
Providing patient and clinician education and support when
implementing an RM-first care model will be important to
overcome inertia, leverage facilitators, and surmount barriers.

Strategies to Overcome Barriers in Implementation
Some patients worried about the quality of RM. To address this,
patient-centered RM education should be provided before
transitioning to RM-first care and emphasize to patients that
any actionable findings on RM will prompt appropriate clinical
actions, sometimes including in-person evaluations.
Additionally, for patients to qualify for this care strategy, they
need to be consistently and continuously connected to RM so
clinically actionable events can be identified promptly. Thus,
patients should be educated about ensuring RM connectivity
and troubleshooting strategies based on their specific transmitter.
Patients and clinicians also raised concerns regarding the loss
of the in-person relationship and the inability to perform
in-person assessment, such as a physical examination. To
address this, device clinicians should ensure that patients have
regular follow-ups with their general cardiologist or
electrophysiologist (as appropriate) or at least routine primary
care, and that the device clinic is not their primary source of
cardiology care.

Clinicians also noted a potential increased risk of patients being
lost to follow-up. Clinics must have a method of tracking
patients outside of in-person visits and ensuring RM adherence
[16]. Patients who become disconnected from RM will require
in-person evaluation. Finally, patients and clinicians raised
concerns about technical comfort with troubleshooting home
monitors and RM adherence, which requires a high workload
[23]. To alleviate this burden, postcard reminders that
recommend patients contact their CIED manufacturer for
assistance have been shown to increase RM adherence, without
burdening clinicians [24]. Additionally, sending informational
text messages to recently disconnected patients can improve
RM adherence [25].

Benefits of Implementation
Although there are several barriers to be addressed, the RM-first
care model has the potential to provide many improvements for
patients and clinicians. With the growing potential of digital
health technology in cardiovascular medicine [26], the lessons
from our study have broad applicability but it will be critical to
ensure that an RM-first care model, as with any virtual care
modality, is implemented equitably [27,28]. Reduced patient
travel burden is particularly important for patients who live in
rural locations. From a reimbursement perspective, while VHA
is a single-payer, other health care payers would need to adopt
novel reimbursement strategies for RM that facilitate sustainable
and cost-effective CIED follow-up care [2,29,30]. Finally, a
reduction in unnecessary device-related clinic visits will allow
clinicians to see other patients with heart rhythm disorders and
reduce wait times, which may result in higher-value care,
particularly given the shortage of cardiovascular health
professionals [31]. An RM-only model has been successfully
implemented at a large clinic in Italy since the COVID-19
pandemic and was associated with time savings for clinicians
and patients with no increase in adverse clinical outcomes [32].
Further, although not currently available, if remote
reprogramming is demonstrated to be safe and feasible to
implement, it could further reduce the need for in-person visits
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and could improve patient perceptions around an RM-first care
model.

Limitations
Our study should be considered in the context of its limitations.
First, although we studied a single health system with specific
patient population demographics (more often rural,
predominantly White, and predominantly male) and clinicians
providing care in an integrated health care delivery system, the
Veterans Affairs National Cardiac Device Surveillance Program
(VANCDSP) centrally monitors more than 64,000 veterans with
CIEDs, making VHA well-positioned to implement and evaluate
RM-first care. Future studies should evaluate other patient
populations, which would help to assess the transferability of
our findings. Second, although this was a national study, our
results represent a limited number of both patient and clinician
perspectives. However, qualitative methods intentionally provide
granular data from smaller numbers of participants, patients
were randomly selected, and our methodology provided detailed
information on perspectives from clinicians across the United
States. Third, interviews were conducted while new HRS
consensus was released in draft form [2], so questions were
modified partway through the interview process, and the ideas
being introduced were new; patients and clinicians may feel
differently when they have had more time to assimilate the

recommendations. We did not inform patients about the
additional safety offered by consistent and continuous RM
connectivity. Fourth, we did not interview patients who were
new or nonadherent to RM. Fifth, we did not have participant
validation of our findings. Sixth, this study’s team represented
an institution (VANCDSP) with some influence on both patient
care and clinical support. While it was not apparent in the review
of interview recordings or transcripts, this power dynamic may
have incentivized veteran patients and clinicians to speak more
favorably of the VANCDSP or caused interviewees to present
their care or their patient’s existing care in a more favorable
light. Finally, this study represents patient and clinician
expectations of RM-first care, instead of their views based on
experience; as RM-first is implemented in the future, patient
and clinician perceptions on barriers and facilitators to this care
model should be evaluated.

Conclusions
Both patients and CIED clinicians experienced in RM within
the VHA were open to an RM-first care model that reduces
in-person visits but conveyed barriers about solely relying on
RM and possible diminution of the patient-clinician relationship.
Implementation of new RM recommendations will require
attention to these perceptions and prioritization of
patient-centered approaches.
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Abstract

Background: Virtual reality (VR) has emerged as a promising, low-risk strategy to manage many forms of psychological stress
and may be a modality to improve cardiovascular health. Recent scientific statements on the mind-heart-body connection call for
better adherence to psychological screening and adoption of more holistic “behavioral cardiology” interventions that improve
the overall health of patients with or at risk for cardiovascular disease (CVD).

Objective: The aim of this study is to assess safety and preliminarily explore how a VR experience can aid in stress reduction
among patients with or at risk for CVD.

Methods: A convergent mixed methods approach was used for this single-arm prospective pilot study. In total, 20 patients were
recruited from the University of California Los Angeles adult cardiology clinics and cardiac rehabilitation. Surveys and physiologic
parameters were collected before, during, and after a 30-minute VR experience aimed at relaxation. The primary outcome was
the State-Trait Anxiety Inventory-State (STAI-S) scale. They participated in a 90-minute visit, during which they completed
surveys, including the STAI-S scale, before and after a 30-minute VR experience. Physiological parameters were also collected
before, during, and after the experience. Visits concluded with semistructured interviews analyzed with inductive thematic analysis
to add depth and nuance to our analysis.

Results: STAI-S scale scores after the VR experience were significantly decreased from baseline (median 31, IQR 28-38 vs
median 24, IQR-29.25; P<.001). Verbal feedback revealed that participants experienced a relaxing sense of “distance from stress”
moderated by unexpected, intense audiovisual components. Heart rate significantly decreased (mean 73, SD 8 vs mean 67, SD
6 beats per minute; P<.001), while blood pressure (mean systolic 128, SD 14 vs mean systolic 129, SD 18 mm Hg; P=.75 and
mean diastolic 79, SD 9 vs mean diastolic 80, SD 10 mm Hg; P=.60) and galvanic skin response (mean 0.74, SD 0.89 vs mean
0.70, SD 0.57 microsiemens; P=.45) remained the same. Changes in heart rate variability parameters were consistent with increased
vagal tone over time but were only statistically significant at certain time points. Survey results and interviews generally indicated
safety, tolerability, and openness to using VR again.

Conclusions: This sample of patients with CVD or risk of CVD had above-average stress, consistent with epidemiological data;
the statistically and clinically significant decrease in subjective perception of stress partially converged with physiologic data.
Overall, the VR intervention was a safe and feasible stress reduction method. Future research is needed to evaluate the effectiveness
of this immersive therapy in reducing cardiovascular risk profiles.

(JMIR Cardio 2025;9:e66557)   doi:10.2196/66557

KEYWORDS

heart disease risk factors; stress reduction; digital health; pilot; virtual reality; stress; risk; cardiovascular disease; CVD; behavioral
cardiology; mixed methods; cardiology; cardiac rehabilitation; survey; blood pressure; heart rate
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Introduction

Background
Western medicine has traditionally treated the heart and mind
as separate entities. However, emerging data point to a powerful
“mind-heart-body connection” in which all are interconnected
and interdependent [1-3]. Research has clearly demonstrated
that positive psychological states are associated with a lower
risk of cardiovascular disease (CVD) and mortality, while
negative psychological factors such as chronic stress, anxiety,
and depression can negatively impact cardiovascular health
[1-10]. Further, chronic stress is associated with a 40%‐50%
increase in the risk of coronary artery disease [4]. Studies
demonstrate that persistent psychological distress, including
anxiety and depression, is an independent predictor of morbidity
and mortality in those with established CVD [11-13]. Data from
the international case-control, also known as the INTERHEART
study (effect of potentially modifiable risk factors associated
with myocardial infarction in 52 countries), show that
psychosocial stressors account for 33% of the risk for
myocardial infarction [10,14]. Psychological health in patients
with or at risk for CVD represents an opportunity for risk
reduction. The American Heart Association’s 2021 Scientific
Statement on psychological health, well-being, and the
mind-heart-body connection called for better adherence to
psychological screening measures and adoption of more holistic
“behavioral cardiology” interventions that improve overall
health in patients with or at risk for CVD [2].

To aid in several health care challenges, many physicians and
patients are harnessing the power of emerging technologies.
Virtual reality (VR) is a technology that provides an immersive
experience of a computer-generated, 3D image or environment
using a head-mounted display. VR has presented a low-risk way
to interrupt the brain’s “default mode network” (DMN), which
is a particular set of brain structures that underlie the negative
mental states marked by worry, rumination, and stress [15-18].
The DMN is also responsible for the “baseline buzzing” and
drive for the mind to wander or “forage” for new information
even when trying to relax or think about nothing at all [18].
Further, it has been shown that people become unhappier the
longer time their minds spend wandering [19]. VR has now
demonstrated promise as a treatment modality for anxiety,
phobias, depression, autism, and posttraumatic stress disorder
as well as a way to aid in meditation [20-29]. Thus, VR is a
potentially powerful tool to target stress reduction in patients
with CVD.

Aims and Research Question
The aim of this study was to determine whether stress levels
could be reduced immediately after experiencing a novel VR
intervention in patients sampled from the University of
California Los Angeles (UCLA) cardiology clinics and cardiac
rehabilitation (CR) program. This project directly addressed the
“heart-mind-body” connection by using an innovative VR
intervention aimed at reducing stress in those with CVD. This
aim was addressed through a convergent mixed methods design:
this question was examined quantitatively by changes in (1)

subjective patient-reported stress levels on a validated survey,
(2) blood pressure (BP), (3) galvanic skin response (GSR), (4)
heart rate (HR), and (5) heart rate variability (HRV).
Semistructured interviews performed after the VR experience
were analyzed using inductive thematic analysis to understand
participant experiences and the potential therapeutic value of
the VR experience. The quantitative and qualitative data were
examined in parallel and integrated to look for areas of
convergence or divergence across the data.

Methods

Study Design
According to a framework proposed by a multidisciplinary
group of experts for assessing immersive therapeutics [30], this
study blends features of a VR1 study, which focuses on
developing content in partnership with patients, and VR2 study,
which tests treatment feasibility, acceptability, and tolerability.
Going through this piloting phase is vital prior to designing
subsequent studies comparing clinical outcomes between one
group receiving the VR treatment and another receiving a control
treatment (ie, VR3). A convergent mixed methods approach
was used for this single-arm prospective pilot study. Figure 1
displays a study procedure flowchart.

Eligible participants were recruited to attend 1 in-person study
visit lasting ~90 minutes. Participants were asked to sit and
complete informed consent before proceeding to complete a
pre-experience survey that took about 5 to 10 minutes to
complete. It included the Perceived Stress Scale-10 (PSS-10)
[31-34], 20-item State-Trait Anxiety Inventory-State scale
(STAI-S) [35-40], and level of experience with various stress
reduction methods. It also asked about exercise, caffeine, and
sleep both generally and on the day of the study. Next,
participants were connected to equipment, and a 5-minute HR
and HRV recording was collected using the well-validated Polar
H10 HR monitor [41,42], a commercial chest-based
electrocardiogram strap considered among researchers as the
standard for accurately quantifying cardiovascular metrics after
multilead electrocardiograms [43-45]. The HR monitor was
connected via Bluetooth to the validated third-party smartphone
app EliteHRV [46] (while the patient rested quietly in a
semirecumbent position). A 5-minute GSR [47-49] recording
was taken simultaneously using the validated NeuLog sensor
and software [50]. BP was recorded with an Omron 3 series
digital BP monitor and cuff immediately before and after the
VR experience (delivered through a Meta Quest 2 VR headset).
During the experience, participants remained in the
semirecumbent position, while HR, HRV, and GSR were
measured continuously. A final 5-minute postexperience HR,
HRV, and GSR recording was taken. Participants then
completed the postexperience survey consisting of the STAI-S
scale, Immersive Tendencies Questionnaire (ITQ) [51],
Simulation Sickness Questionnaire (SSQ) [52,53], overall rating
of VR intervention, level of prior experience with VR, and
demographics. The study visit concluded with a 10‐ to
15-minute semistructured interview. Participants were emailed
a US $25 Amazon e-gift code.
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Figure 1. Study procedure flowchart. GSR: galvanic skin response; HR: heart rate; HRV: heart rate variability.

Ethical Considerations
The study was approved by the UCLA Institutional Review
Board (#21‐000705), and the ClinicalTrials.gov registry
number was NCT0498465. Written informed consent was
obtained. The privacy and confidentiality of research
participants’ data and identity were maintained. Participants
were compensated with US $25 Amazon gift cards.

Recruitment
We recruited 20 patients from the UCLA cardiology outpatient
clinics and CR program who were 18 years and older of age,
English speaking (rationale for English only: surveys and
consent are not translated into languages other than English and
study team members are primarily English speakers, there was
no funding to provide translation or medical interpreters during
participation), and able to give informed consent. Patients were
excluded due to the presence of conditions that interfere with
VR use, including history of seizure, facial injury, significant
hearing or visual impairment, individuals with dangerous
unstable arrhythmias (ventricular tachycardia or fibrillation) or
a myocardial infarction in the past 4 weeks, individuals in acute
decompensated heart failure, those with factors known to
contribute to cybersickness, including postural instability or
motion sickness. Potentially eligible participants self-referred
or were referred to a research coordinator by the primary
investigator after an initial chart review. These patients were
screened over the phone to confirm eligibility and assess interest.

VR Experience
This 30-minute experience developed by Harmony Media
Company is an immersive therapy created to lower stress and
anxiety. The experience was not designed specifically for those
with CVD, but rather for use in a more general population. User
feedback regarding the experience was obtained informally
from healthy adults at several points during development. It
delivers a proprietary combination of colorful and fractal sacred
geometric visual effects synchronized with a nonverbal, binaural
audioscape that aims to exert its therapeutic effect by disrupting
the DMN of brain signaling (Figure 2). The content is comprised
of predefined (noninteractive) primary and background looping
visuals, animated textures, and specific prerendered sequences
allowing for predictability, measurability, and performance
stability. The focus area (approximately 80% of the visual field
ahead or on the horizon) is where the participants’ attention is
directed (360°). Visuals are on the anterior horizon and are
emitted from a central point of view at the center of the visual
horizon. The participant can move their head around and
continue to experience the visual effects that appear before
them, but the content is not dynamic in real time nor does the
content react to the participants’ movements. Color and sound
changes mark subtle content transitions. Additional elements
such as specific frequencies of binaural audio are incorporated
to effect transitions.
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Figure 2. Representative images of virtual reality experience (courtesy of Harmony Media).

Surveys
See Multimedia Appendix 1 for full surveys. To measure the
degree to which situations in one’s life are appraised as stressful,
with a time recall of 1 month, the PSS-10, one of the most
widely used psychological instruments for measuring perception
of stress [31-34], was scored and summarized and then
compared to sex, age, and race norms [34]. The primary outcome
was (presurvey vs postsurvey) change in STAI-S scale
(Δ-STAI-S). It is meant to measure, via self-report, the presence
and severity of current symptoms of anxiety and a generalized
propensity for anxiety. The State Anxiety Sub-Scale asks
respondents how they feel “right now” using items that measure
subjective feelings of apprehension, tension, nervousness, worry,
and activation or arousal of the autonomic nervous system using
a 4-point Likert scale. Scores for each scale range from 20 to
80, with higher scores indicating greater stress or anxiety
(clinically significant symptoms suggested with a score of
≥39‐40).

Several studies have used the State Anxiety Scale to measure
change immediately following situational stress-inducing or
stress-reducing interventions, and they show that the instrument
is sufficiently responsive to capture short-term changes [35-40].
To explore immersive tendencies as a predictor of
responsiveness to VR, the ITQ, which is used to measure
differences in individual tendencies to experience presence or
immersion, was used, while the SSQ was included to evaluate
the safety and tolerability of VR by measuring the frequency
of acute VR discomfort (eg, headache, vertigo, nausea, and eye
strain) resulting from sensory mismatch between the visual and
vestibular systems called “cybersickness.” Overall rating (0
being the worst to 10 being the best) and ITQ responses were
scored and analyzed using summary statistics, while the SSQ
scores were interpreted using 5 standardized categories [53].

Physiologic Data
HRV reflects complex neurocardiac regulatory interactions,
including the balance of inputs from the autonomic nervous
system. For HR and HRV variables, raw R-R intervals for each
participant were exported from EliteHRV to Premium Kubios
HRV Analysis Software (version 3.4.3; Kubios Oy).
Preprocessing of the data used the automatic beat correction
algorithm built into the Premium Kubios packaging [54]. The
30-minute (during VR) recording was then broken into six
5-minute periods, with each HRV variable for the period
extracted for analysis. This allowed for the creation of
longitudinal models across 8 time points, given that the HRV
variables examined are valid with a recording period of 5
minutes [55-57]. These time points are denoted as (1)
pre-experience (−5 to 0 minutes), during experience: (2) 0 to 5
minutes, (3) 6 to 10 minutes, (4) 11 to 15 minutes, (5) 16 to 20
minutes, (6) 21 to 25 minutes, (7) 26 to 30 minutes, and (8)
postexperience (31 to 35 minutes). Longitudinal models
provided greater granularity of analysis with potential pattern
recognition across the cohort across time points.

Two HRV time-domain variables were analyzed.
Root-mean-square of successive differences (RMSSD) is
considered the most relevant and accurate measure of autonomic
nervous system activity and specifically estimates
vagal-mediated changes in HRV [56]. Standard deviation of
the interbeat interval of normal sinus beats (SDNN) is another
overall estimate of HRV, and in short-term recordings, mainly
reflects parasympathetic input predominantly from slow-paced
breathing [56]. HRV frequency domain results included the
following variables (analyzed using the Fast Fourier
Transformation method): (1) low frequency (LF) to high
frequency (HF) ratio (LF:HF): while not exact, this measure
can indicate the balance of sympathetic versus parasympathetic
tone. Decreases in this score reflect increased parasympathetic
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(or decreased sympathetic) tone. The following absolute and
relative power of the HRV frequency domains were also
included: (2) very low frequency band (0.0033‐0.04 Hz): it
provides insight into parasympathetic activity, (3) LF band
(0.04‐0.15 Hz): this band mainly reflects baroreceptor activity
during resting conditions and can reflect both sympathetic and
parasympathetic tone, and (4) HF band (0.15‐0.40 Hz): this
band reflects vagal tone and is referred to as the respiratory
band because it is associated with variations in HR related to
the respiratory cycle. Lower HF power is correlated with stress,
panic, anxiety, or worry] [55-57].

GSR is another parameter that detects changes in autonomic
activity through sweat gland function. Heightened psychological
and physiological arousal (eg, stress) increases sympathetic
activation leading to increased skin conductance detected by
the GSR sensor [46].

Statistical Analysis
Descriptive statistics of the cohort’s demographics (including
experience with VR previously) were summarized along with
cardiac conditions or risk factors gathered from the electronic
medical record; quantitative variables were formatted and
summarized using Microsoft Excel (version 16.75) with Real
Statistics add-on and further analyzed with RStudio (version
2023.06.1+524; Copyright 2022 by Posit Software, PBC) using
either 2-sample paired 2-tailed t tests or the nonparametric
equivalent, Wilcoxon signed rank sum test, along with 95%
CIs. A significance level of α<.05 was used. Subsequent BP,
HR, HRV, and GSR data were compared to pre-experience
(baseline) measurements to look for statistically significant
changes across time points. A multivariable linear regression
model was used to evaluate for potential survey variable
predictors of the change in stress as measured by our primary
outcome variable, Δ-STAI-S scale score. The effect size (r) for
the Wilcoxon paired signed rank test was computed for
Δ-STAI-S by dividing the z-value by the square root of the
sample size (corresponding to the total number of pairs, n=20).
The r value varies from 0 to 1, and we used the following
interpretation cutoffs commonly published in the literature: 0.1
to <0.3=small effect, 0.3 to <0.5=moderate effect, and
≥0.5=large effect. To further contextualize our findings, we
identified the threshold for discriminating a minimal clinically
important difference as 5 units on the STAI-S scale. This is a
conservative estimate based on the widely accepted half a SD
(½ SD) rule of thumb for interpreting changes in health-related
quality of life instruments [58-60]. For the STAI-S scale with
20 items each with a 1 to 4 scale, this creates a range from 20
to 80 or 60 points (1 SD=10 units and ½ SD=5 units). For
complete physiologic and survey datasets, please see Multimedia
Appendix 2.

Qualitative Analysis
Interviews were analyzed using reflexive thematic analysis, a
qualitative research method in which the researcher not only
identifies themes but also reflects during the process on how
their own interpretations and biases might influence the analysis
[61]. A medical student conducted the interviews and analysis.
Using a semistructured interview guide (Multimedia Appendix

1) with open-ended questions while maintaining a neutral and
welcoming tone throughout the study visit helped to ensure that
the data collected reflected the participant’s honest feedback.
The same open-minded approach was taken in the analysis,
using an overall social constructivist theoretical framework
[62]. An inductive approach was used, and analysis sought to
reflect all the participants’ actual responses rather than only
code and theme development being directed by existing
concepts, theories, and ideas. This allowed for a broader
understanding of how the participants’personal preferences and
feedback were informed by previous experiences, knowledge,
and abilities. Familiarization with the data was done by reading
through the transcription multiple times with annotation for
potential areas of interest or repetition of topics or concepts. A
total of 11 initial codes were then generated with examples of
text supporting each code being labeled and sorted under initial
themes. A “critical friend,” a volunteer researcher with previous
qualitative analysis experience, was consulted after coding to
help talk through and clarify ideas while providing impartial
feedback. They were given access to original interview
transcripts so that they could make their own coding decisions.
This helped to ensure the quality of analysis by challenging the
primary analyst to adopt a more independent stance toward the
research and ensure the analysis was coherent. The codes and
supporting examples were then reviewed; themes or sub-themes
were constructed and refined.

Mixed Methods Analysis
Roughly equal weight was given to both qualitative and
quantitative data while exploring the same question. Results
from each data stream were compared to see if they reached the
same conclusions through triangulation or in a complementary
way, with qualitative data providing greater depth of
understanding to quantitative results and vice versa [63].

Results

Recruitment and Study Population
In total, 48 individuals were referred as potential participants
(provider-referred: n=37, self-referred through flyer: n=7,
ClinicalTrials.gov or other: n=4). Of these, 42 were screened
for eligibility via a phone call with a study staff member, 5 did
not meet inclusion criteria, 17 declined participation, and 20
were enrolled or completed participation. The remaining 6
referred individuals were called by study staff but were unable
to be reached. A total of 20 participants were included for all
demographics or survey outcomes, while 18 included were for
physiologic variables. Technical difficulties were encountered
during the study visit for participant 17, leading to a lack of
physiologic data. Data from participant 10 were consistently
found to be a statistical outlier, likely due to the fact that they
were a heart transplant recipient. Participant demographics,
cardiac conditions or risk factors, and other comorbidities are
shown in Table 1. The mean age of participants was 66 (SD 15;
range 27-80) years. There were 9 female and 11 male
participants. The most common stress relief activity was
exercise, followed by deep breathing and then meditation
(Multimedia Appendix 1).
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Table . Participant characteristics.

Values (N=20)Patient characteristic

Age (years)

66 (15)Mean (SD)

27-80Range

Sex (assigned at birth), n (%)

11 (55)Male

9 (45)Female

Race, n (%)

0 (0)African American or Black

3 (15)Asian

14 (70)White

3 (15)Other races

3 (15)Hispanic, n (%)

Education, n (%)

2 (10)Some college

11 (55)College degree

7 (35)Advanced graduate degree

Household income (US $), n (%)

3 (15)<$50,000

6 (30)$50,001-$100,000

3 (15)$100,001-$200,000

6 (30)>$200,000

2 (10)Prefer not to say

Employment status, n (%)

1 (5)Part-time

6 (30)Full-time

9 (45)Retired

1 (5)On disability

1 (5)Unemployed

2 (10)Homemaker

Insurance status, n (%)

11 (55)Current or former employer

1 (5)Direct from company

6 (30)Medicare

1 (5)Medicaid

1 (5)Other

Relationship status, n (%)

4 (20)Never married

11 (55)Married

1 (5)Divorced

1 (5)Separated

3 (15)Widowed

Prior experience with virtual reality, n (%)
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Values (N=20)Patient characteristic

11 (55)No experience

5 (25)A little bit of experience

2 (10)Some experience

2 (10)Quite a bit of experience

14 (70)Hyperlipidemia, n (%)

11 (55)Hypertension, n (%)

8 (40)Coronary artery disease, n (%)

8 (40)Overweight (BMI 25‐30), n (%)

7 (35)Valvular disease or replacement, n (%)

7 (35)Former smoker, n (%)

5 (25)≥1 Myocardial infarction or multivessel CABGa, n (%)

5 (25)History of atrial fibrillation, n (%)

5 (25)Obesity (BMI≥30), n (%)

4 (40)Diabetes mellitus type 2, n (%)

3 (15)Diastolic heart failure, n (%)

3 (15)Currently in cardiac rehabilitation, n (%)

3 (15)Previous cardiac rehabilitation, n (%)

1 (5)Heart transplant, n (%)

9 (45)Anxiety, n (%)

9 (45)Depression, n (%)

7 (35)Chronic pain, n (%)

4 (20)Insomnia, n (%)

3 (15)Migraine, n (%)

aCABG: coronary artery bypass graft.

Survey Outcomes

PSS-10, STAI-S, and ITQ
Baseline PSS-10 results showed a mean score of 19 (SD 6;
range 4-32). Comparing each PSS-10 score to the sex, age, and
race-related norm categories provided in the PSS-10 item
inventory revealed that 18 of 20 participants had greater than
average stress [31]. Pre-STAI-S scale also suggested elevated
current stress with a mean of 35 (SD 12), median of 31 (IQR
28-38), with a range of 21 to 71 on a possible scale of 20‐80.
In total, 1 had “no anxiety” (20-21), 14 had “low anxiety”
(22-37), 2 had “moderate anxiety” (38-44), and 3 had “high
anxiety” levels (45-80) [40].

The primary outcome, Δ-STAI-S scale, showed a median
decrease of 7 (median 31, IQR 28-38 vs median 24, IQR 21-29;
P<.001) and an average decrease of 8.5 (SD 9.8) or 21%. This
corresponded to a large effect size (r=0.77). Both the median
and average change were larger (ie, more negative) than the
threshold of clinical significance set at −5 units. In total, 12 of
20 (60%) participants reached this threshold. A total of 1 of 20
(5%) participants had an increase equal to the threshold (ie,+5
units).

The mean for the cohort on the ITQ was 59 (SD 12.6) with a
range of 47 to 90 on a maximum scale of 18 to 126. The majority
of participants reported negligible (n=11) or minimal (n=1)
“cybersickness,” while 5 had “significant” symptoms, and 3
fell into the “bad” range [53]. Of note, those who did report
symptoms rated each as mild or moderate. None were rated as
severe. Fatigue was the most commonly reported symptom. The
mean rating of the VR experience overall was 9 of 10 (SD 2;
median 9, IQR 8-10; mode 10) with one outlier who gave a
rating of 3. In total, 11 individuals had no previous experience
with VR, 2 had a little bit, 1 had some, and 2 had quite a bit.

Finally, multiple regression analysis was conducted to examine
the relationship between the variable: Δ-STAI-S scale and
various potential predictors gathered through the surveys
including STAI-S pre-experience score, PSS score, SSQ score,
ITQ score, overall VR rating, age, and sex. The initial model
demonstrated good fit and accounted for 86% of the variability

in Δ-STAI-S (multiple R=0.96; adjusted R2=0.86; ANOVA of
regression: P<.001). However, only the STAI-S scale
pre-experience score (P<.001) and overall rating (P=.04) were
significantly correlated with Δ-STAI-S. After excluding the
nonsignificant variables, the model showed that both variables
had negative coefficients that were significantly correlated with
Δ-STAI-S, indicating that those with higher scores on these
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variables tended to have a greater decrease in STAI-S scale.
The model with the final 2 predictors produced multiple R=0.95,

adjusted R2=0.90, ANOVA of regression: P<.001 (Multimedia
Appendix 1).

Physiologic Outcomes: BP, HR, and GSR
There was no significant change in systolic or diastolic BP
among participants (Table 2). Pre- versus postexperience HR
recordings demonstrated a statistically significant decreased
mean HR of nearly 6 beats per minute. Upon examination of
longitudinal models with spaghetti plots, it was observed that

this drop tended to occur between time point 1 (pre-experience)
and time point 2 (0 to 5 minutes), followed by a plateau (Figure
3). Note that findings remained significant when adjusted for
multiple statistical comparisons using the Bonferroni correction
as well as Holm and Hochberg tests. The change in GSR
conductance and area under the curve (before VR vs after VR)
did not demonstrate a significant change (Table 2). GSR was
only analyzed before and after the VR experience because of
technical issues that affected data collection for 5 of 20
participants.

Table . Change in State Trait Anxiety Inventory-State (STAI-S) scale, blood pressure (BP), and galvanic skin response (GSR) (N=20).

P value95% CIΔ (post-pre)bPost-VRPre-VRaVariable

Median (IQR)Mean (SD)Median (IQR)Mean (SD)Median (IQR)Mean (SD)

.001c−11.5 to −4−7 (−11.5 to
−3)

−8.5 (9.8)24 (21-29)26 (6)31 (28-38)35 (12)STAI-S
(points)

.75−5.5 to 7.51 (−9 to 6.5)1 (13.8)128 (115-138)129 (18)127 (122-133)128 (14)Systolic BP
(mm Hg)

.60−2.3 to 4.21 (−3 to 4)1 (7)79 (75-89)80 (10)78 (71-85)79 (9)Diastolic BP
(mm Hg)

<.001−8.4 to −3.5−7 (−8 to −3)−6 (5)65 (63-70)67 (6)72 (67-78)73 (8)Heart rate
(beats per
minute)

.50c−0.2 to 0.20.11 (−0.17 to
−0.3)

−0.036 (0.42)0.61 (0.32-
0.82)

0.70 (0.57)0.48 (0.28-
0.79)

0.74 (0.89)GSR (mi-
crosiemens)

.41c−256 to 448317 (−307 to
504)

−46 (1183)1726 (854-
2191)

1933 (1701)1308 (836-
2162)

1979 (2518)GSR AUCd

(mi-

crosiemens*10−1

second)

aVR: virtual reality.
bΔ: change or difference.
cIndicates Wilcoxon signed rank sum test (otherwise 2-sample paired t test used).
dAUC: area under the curve.

Figure 3. Change in average heart rate (beats per minute). Error bars represent SE. Post: recorded 5 minutes after experience; Pre: recorded 5-10
minutes before experience. *P<.001.
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Physiologic Outcomes: Time-Domain HRV Parameters
The median RMSSD (milliseconds) for the cohort was increased
at all time points relative to baseline (highest at time point
26‐30 minutes) but was significantly increased from baseline

only at 16‐20 minutes and after the experience (Figure 4).
Median SDNN (milliseconds) also tended to increase across
time, though the change from baseline was only statistically
significant after the experience (Multimedia Appendix 1).

Figure 4. Change in median RMSSD (milliseconds). Error bars represent SE. Post: recorded 5 minutes after experience; Pre: recorded 5-10 minutes
before experience; RMSSD: root-mean-square of successive differences.

Physiologic Outcomes: Frequency-Domain HRV
Parameters
In terms of relative power, there was a significant decrease in
very low frequency power (relative to pre-experience or
baseline) at 3 time points, associated with a reciprocal increase
in HF, also significant at 3 time points (Figure 5). The LF:HF
ratio was decreased relative to baseline at all time points,

reaching a nadir in the middle of the experience and gradually
increasing again during the last 3 time points (Figure 6). All
median values were greater than 1, indicating that at least half
of the participants had greater power from LF than HF. Note
that none of the HRV findings were still significant after
adjusting for multiple statistical comparisons using the
Bonferroni correction and Holm and Hochberg tests.
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Figure 5. Change in relative frequency band power. HF: high frequency; LF: low frequency; Post: recorded 5 minutes after experience; Pre: recorded
5-10 minutes before experience; VLF: very low frequency. *P<.05 (see Multimedia Appendix 1 for specific values).

Figure 6. Change in median LF:HF ratio. HF: high frequency; LF: low frequency; Post: recorded 5 minutes after experience; Pre: recorded 5-10 minutes
before experience.

Qualitative Results

Overview
In total, 6 potential themes were constructed. Upon reviewing
and defining the themes, 2 themes did not have sufficient
evidence to constitute substantive themes and rather reflected
subthemes of theme 1. In the interviews, participants described

their stress and anxiety as external and out of their control rather
than describing an internal locus of control. For example, some
described worry about family members, painful divorce, or daily
stresses piling on from career, traffic, or their roof leaking.
Others expressed stress more directly related to their cardiac
conditions or adverse cardiovascular events. Figure 7
summarizes the main themes and subthemes that emerged
regarding the VR experience.
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Figure 7. Qualitative interview results using inductive thematic analysis: 4 themes and 2 subthemes. VR: virtual reality.

Theme 1
During VR, participants experienced a relaxing sense of
presence and “distance from stress.” Participants generally
reported losing track of all sense of time or time passing more
quickly while they had a sense of “sort of floating.” Others
completely forgot about or felt removed from usual stress, with
one person stating, “I wasn’t able to focus on other thoughts
really” and another said, “I could lose myself in the patterns
and everything and kind of just ... I don’t know, this is
something different.” Qualitative analysis also provided insight
that the intense audiovisual components of VR were unexpected
and appeared to moderate this “distance from stress” (subtheme
1.1). Participants described that the combination of audio and
visuals synergistically created an immersive experience that
created an almost “indescribable factor.” Many participants
organically offered that they were pleasantly surprised by what
they experienced. Some mentioned that the red and yellow
colors drew them in, while others focused on the starry sky
transporting them back to being a child star gazing. Others found
that the sacred geometry reminded them of a “kaleidoscope”
inspiring them to “go within” or that the “motion around the
geometry with the concentric circles [paired with] the audio
helped to let the other stuff go.” Many participants were most
surprised by the nonverbal audio, with one person noting, “I
wouldn’t have listened to that on my own, but surprisingly I
liked it.” Some described that they would have expected to
experience something different. For one person, these intense
visuals were “off-putting” with “too much going on,” and
envisioning the experience would have something more relaxing
like “someone walking slowly on a path.”

The next subtheme (1.2) was the intense visual experience that
led participants to close their eyes (or at least want to). On one
end of the spectrum, some participants felt so relaxed that they

felt as if they fell asleep after about 5 minutes. On the other end
of the spectrum was the patient mentioned earlier who said it
was “difficult to keep my eyes open” due to eye strain. Another
noted, “there was a point where it was a little intense for me.”

Theme 2
The VR experience was well-tolerated overall and was an
acceptable delivery mode for this stress reduction intervention
across a wide range of ages. A few participants noted that the
headset was slightly cumbersome or that their head felt slightly
turned or not centered, “I loved the experience, it was very
relaxing, it would have been perfect had there been a better fit
with the headset/headphones.” However, most participants stated
that the headset was not uncomfortable and did not hinder their
enjoyment of the content. There were few other physical
sensations discussed during the interview aside from one
participant describing a transient moment of “stomach dropping”
and one participant who experienced eye strain. Universally,
participants were open to trying VR again, including the one
with eye strain (though with different content).

Theme 3
After taking off the headset, some participants had sustained
positive effects, while others were “not able to extend the bliss.”
On one end of the spectrum, one participant noted that his busy
mind and daily stresses came flooding back to him when he
took off the headset and especially once he was handed the
postexperience survey. Another noted, “I mean, I do feel relaxed.
I do feel present. I do feel energized and clear, much more clear
than when I came in the room. But now there’s also that old
[stress] too, of like yeah, I remember that.” Others had a change
in mood and energy that was visible and palpable to the
interviewer, with one participant feeling more confident, “I just
feel more sure of myself. And I’m able to push all my worries
about my daughter, more away.” One person reflected, “my
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energy is different now ... under stressful times, you’re thinking
about [many things], but then when I did this, I was just like ...
now I feel pretty chill.” While poststudy visit follow-up was
not part of the protocol, one participant reached out the next
day just to the study team to say that they had “felt a sense of
calm and peace that last well into the evening ...”

Theme 4
Participants felt that this VR experience may be helpful for
those who want an easier way to meditate, nap, or just “lose
their thoughts” for a bit. Multiple participants referred to the
“abstract nature of the visual stimulation” in particular or losing
themselves in the patterns. A few participants compared the VR
experience to other stress reduction methods, such as meditation,
progressive muscle relaxation, or even taking a nap. They
proposed that it could be used “as an interlude for daily stress”
and would recommend it to others as “a good tool to mellow
out in the moment.” While the state of mind and feelings seemed
to be described as similar to those induced by these techniques,
they described that “[VR] was much easier” and for one they
thought it could even “replace my regular meditation practice.”
This final theme also underscores the participants’ experience
of this VR intervention and future therapeutic value.

Mixed Methods Analysis
The VR intervention by mixed methods analysis had a positive
effect on stress reduction based on (1) the statistically (median
STAI-S Δ=–7u; P<.001) and clinically significant (minimal
clinically important difference=STAI-S scale Δ5u or one half
of a SD for this health-related quality of life scale) [59] decrease
in STAI-S scale scores, (2) the statistically significant decrease
in HR (−6 beats per minute; P<.001), and (3) qualitative
interview feedback describing that the intervention induced a
relaxing sense of “distance from stress” that was associated with
a change in energy and feelings similar to meditation or a flow
state. However, the remaining physiologic outcomes BP, GSR,
and HRV were not significantly changed, and thus moderated
the magnitude of this positive effect. Overall, survey data,
physiologic data, and qualitative interviews support the
conclusion that the VR intervention is safe and tolerable.
Interview feedback provided further depth, with most
participants describing an enjoyable experience that they were
open to doing again.

Discussion

Overview
Our study found that a sample of patients with CVD or risk of
CVD had above-average stress. A statistically and clinically
significant decrease in subjective perception of stress was
observed after participants experienced a novel VR application.
HR significantly decreased, while BP and GSR remained the
same. Changes in HRV parameters were consistent with
increased vagal tone over time but were only statistically
significant at certain time points (before multiple comparisons
adjustment). Overall, the VR intervention was a safe and feasible
stress reduction method.

Principal Findings
Our pilot study of a VR experience for patients with or at risk
for CVD demonstrated several interesting findings. First, this
sample of patients had higher than average stress based on
preintervention stress scores, with nearly half having EMR
evidence of anxiety or depression, which is consistent with
previous epidemiological data of patients with coronary artery
disease and those who have experienced severe cardiac events
[1,3-7]. This finding also suggests a need to address mental
stress in patients with or at risk for CVD. The STAI-S scale is
widely validated with high internal consistency (0.86‐0.95)
and reliability (0.65‐0.75) coefficients [40], while PSS-10 was
also chosen for its validity and reliability [32]. Higher PSS-10
scores have been associated with failure to quit smoking, worse
control of blood sugar, greater vulnerability to depressive
symptoms, and more frequently having the common cold [31].
Qualitative analysis provided additional scope to the finding of
elevated average stress in our cohort (Figure 7).

Second, there was a statistically (median Δ=–7u; P<.001) and
clinically significant (minimal clinically important
difference=Δ5u or one half of a SD for this health-related quality
of life scale) [59] decrease in subjective perception of stress
measured by survey data that matched theme 1 and was overall
supported by qualitative feedback. Previous research suggests
that VR exerts its effect by temporarily silencing the DMN and
can lead to the state of mind opposite to that produced by the
DMN, coined “flow” [64]. Often described as “being in the
zone,” the 4 attributes of flow include selflessness, timelessness,
effortlessness, and richness [65]. It is thought that flow requires
“transient hypofrontality” or a temporarily suppressed prefrontal
cortex that allows the self-critical mind to quiet and connect
neural areas that do not normally communicate [66]. This
“lateral thinking” [18] can create the opportunity for new
insights and a profound sense of calm.

VR experts propose the following mechanism by which VR can
induce flow within minutes: VR is completely immersive, so
that it can capture the user’s full attention like no other
audiovisual medium. By removing distractions and offering a
novel, information-rich experience, it can interrupt the noisy
DMN, change brainwaves from β to α, and increase
neurohormonal signaling through dopamine, oxytocin, and
serotonin that has the effect of creating an aura of tranquility
that can conjure flow [18]. VR was shown to produce a nearly
identical state of consciousness as psilocybin, a known
flow-inducing compound, using a VR program called the
Hallucination Machine that radically altered visual perceptions
[20]. While psychedelics have been an area of booming interest
for the treatment of severe anxiety, phobias, depression, autism,
and posttraumatic stress disorder, these findings demonstrate
exactly why VR continues to expand in the area of psychiatry
and can be applied generally to stress reduction.

The physiologic data did not uniformly converge with these
subjective findings. On the one hand, HR significantly
decreased, and HRV parameters showed significant changes
consistent with increased parasympathetic state at certain time
points. Pre- versus post-HR recordings demonstrated a
statistically significant decreased mean HR of nearly 6 beats
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per minute. Longitudinal plots showed that the initial drop
tended to occur between the first 2 time points and then
persisted. The protocol attempted to allow time for participants
to reach resting HR before the first recording (completing
consent, pre-experience survey, and connecting chest strap and
GSR sensors while in a seated position). For most healthy adults,
HR stabilizes after 4 minutes of inactivity [67]. So, it is possible
that this represents a true effect related to VR. However, if our
sample of participants required longer for cardiovascular activity
to return to the resting state due to their health state or there
were other factors that interfered (such as mental stress provoked
by completing the presurvey), then it is plausible that the
observed results are due to the passage of time. This cannot be
deciphered without having a placebo-controlled trial.

RMSSD (mainstream apps such as Elite HRV and Whoop report
this as an “HRV score,” with higher scores generally indicating
better “readiness” for the body to adapt and perform), SDNN,
relative power of HF band, and LF:HF ratio showed changes
consistent with a more relaxed state between the first 2 time
points. HRV findings were most consistent with increased vagal
tone. The regulatory mechanisms at play for “short-term” HRV
measurements (5-minute recordings) include changes in HR
driven by changes in respiration (respiratory sinus arrhythmia),
the baroreceptor reflex (negative-feedback regulation of BP),
and rhythmic changes in vascular tone [56]. A period of HRV
monitoring can be studied using time-domain parameters, which
look at aspects of the variability in the interbeat interval, and
frequency-domain parameters, which look at the distribution
of power generated by each beat (by breaking the total power
into 4 frequency bands) [56,57]. HRV provides a measure of
how well the cardiovascular system can rapidly adjust in
response to sudden physical and psychological disruptions to
homeostasis. The Fast Fourier Transformation method was
preferred over the autoregressive HRV analysis method because
several studies have found that the autoregressive method did
not produce reliable results in some patients with diabetes or
hypertension [68], which we expected to be prevalent in our
population.

On the other hand, BP, GSR, and at several time points, HRV
parameters showed no significant change. Further, when
adjusting for multiple statistical comparisons, HR changes
remained significant, while HRV changes were no longer
significant, indicating that these findings may be an artifact or
type I error. It has been repeatedly shown that breathing
exercises can cause a modest but significant decrease in HR
(−2.41 beats per minute; P=.03) and BP (systolic: −7.06; P<.01
and diastolic: −3.43; P<.01) [69]. If there was a change in
breathing pattern or vagal tone, consistent with the observed
HRV trends, it could partially explain the decreased HR, but
we would have also expected BP to fall. Note, however, that
BP was not measured longitudinally to minimize patient
disturbance. Similarly, we hypothesized that there would be a
significant reduction in GSR since some studies have shown
that during meditation and after consistent meditation,
participants had a statistically significant reduction in GSR
compared to controls [47-49]. All of these physiologic measures
are subject to influence from diurnal fluctuations, positioning,

recency of physical activity, caffeine intake, and sleep [56,70].
These conditions were not standardized in our study.

It is also important to note that this was a pilot study without a
control; it aimed to gain initial insights into the potential effects
of the VR intervention before embarking on a full-scale
randomized controlled trial. The small sample size and lack of
a control group limit our ability to conclude that these observed
results were due to the VR intervention, specifically. There is
currently a need for studies with a larger, more diverse
population and control group to be able to adequately assess
the effects of this VR intervention. This study can inform such
studies. Although there were mixed effects in changing
physiologic measures in this study, there is other evidence that
VR can lower the startle response and stress hormone levels for
12 months after treatment [28] and normalize brain function
confirmed through functional magnetic resonance
imaging—suggesting that VR can clearly impact the mind but
also the body [29].

Importantly, quantitative and qualitative analyses showed that
the VR intervention was not only a tolerable and feasible stress
reduction method, but it was also enjoyable across a wide range
of (1) ages and (2) prior experience with VR. The SSQ produced
reassuring results that are consistent with current estimates of
VR cybersickness. Approximately 60%‐95% of users
experience some level of cybersickness, with 5%‐15% ending
their experience prematurely due to symptom severity. The
prevalence and significance of cybersickness continue to fall
with technical improvements in both hardware and software
[71,72]. Our intervention uses slow-moving visuals that build
gradually, which hopefully makes it less jarring than highly
kinetic scenes. However, the 30-minute duration may contribute
to the development of cybersickness. One of the most commonly
reported cybersickness symptoms was fatigue. Resting in the
semirecumbent position may have contributed to this. A total
of 16 of 20 (80%) participants had little or no VR experience.
Universally, participants were open to trying VR again,
including the one with eye strain (just with different content).
According to the ITQ, the cohort varied in their likelihood to
become involved or engrossed in different environments and
generally tended to be prone to “moderate immersion.” While
this tendency supports the idea that the effectiveness of VR is
moderated by a sense of presence in the experience, there was
not a statistically significant relationship between ITQ and the
outcome measure.

To further explore the potential moderators of the observed
changes in the STAI-S scale, we performed regression analysis.
Multilinear regression findings highlight that those with higher
baseline acute anxiety scores tended to have larger decreases
in acute anxiety. Higher overall ratings also predicted greater
Δ-STAI-S scores, possibly because they valued the experience
due to its anxiety-relieving effects. Per our regression model,
baseline acute anxiety and overall VR rating explained 90% of
the variation in STAI-S scale change. Interestingly, age, sex,
chronic stress level over the past month, SSQ, and ITQ scores
were not correlated with the primary outcome, nor did they have
any explanatory value for variation in STAI-S scale change.
Simple linear regression demonstrated weak to moderate
negative correlations between age and PSS (r=−0.28; P=.23)
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and STAI-S scale prescores (r=−0.48; P=.03), suggesting a
trend that older participants tended to have lower current and
chronic stress levels. There was a moderate negative correlation
between age and magnitude of decrease in STAI-S scale
(r=−0.46; P=.05), suggesting that younger participants with
more baseline stress experienced greater stress reduction.

Comparison to Prior Work
To provide context for our primary outcome, Δ-STAI-S, we
compared our findings (mean −9, SD 10; median −7) with
previous studies using the same outcome variable to measure
stress and anxiety reduction from a VR intervention (Table 3)
[73-77]. While there are several differences between these
studies, they provide support that the VR content under

investigation may be capable of producing similar or stronger
effects compared to other VR interventions. All 6 studies
demonstrated statistically and clinically significant (P<.05;
Δ≤–5 units) change from baseline, adding to the growing body
of evidence for VR as a powerful stress reduction method. Of
note, Baytar and Bollucuo Lu [74] incorporated hemodynamic
measures of change and saw a similar initial decrease in HR of
6 beats per minute, which was statistically significant, with an
additional 2 beats per minute decrease subsequently. Only 2
studies were found that examined the effect of VR on STAI
scores in a group of patients with CVD; however, both used the
6-item short form of the STAI, limiting comparison with this
study [78,79]. These studies, like many others in the literature,
used VR for periprocedural anxiety.

Table . Comparison of this study to previous studies using virtual reality (VR) and change in State-Trait Anxiety Inventory-State Scale as an outcome
for stress or anxiety reduction.

P valueChangeaDescriptionStudy

This studyMakaroff et al •• <.001b−9 (SD 10) (median change
−7)

Randomized crossover design mea-
suring anxiety of 74 healthy adults
with high stress after experiencing
intentionally stressful VR followed

by either BFc or VR relaxation

Kim et al

(2021) [73]

•• VR versus BF: 0.39−6 (SD 10) (Stress-VR)
• •−6 (SD 8) (Stress-BF) VR:<.001, BF:<.001

40 patients undergoing septorhino-
plasty with 15 minutes of preopera-
tive 360-degree VR content with
nature scenes and “meditation mu-
sic”

Baytar and Bollucuo Lu

(2021) [74]

•• <.001b−7 (median change −7)

10 participants in a Japanese nursing
home with two 10-minute immer-
sive VR slideshows

Niki et al

(2021) [75]

•• <.001−9 (after first VR)
• −13 (after second VR)

7 patients undergoing outpatient
surgeries viewing AppliedVR mod-
ules during surgery

Brown and Foronda

(2020) [76]

•• .03−13

30 female patients using VR during
fine-needle aspiration breast biopsy
versus 30female patients undergoing
standard protocol

Karaman and

Taşdemir

(2021) [77]

•• <.001−12 (experiment)
• −7 (control)

aSD and median were not available for several studies.
bIndicates Wilcoxon signed rank sum test, otherwise 2-tailed t test used.
cBF: biofeedback.

Strengths and Limitations
This clinical investigation of a novel VR intervention designed
for stress reduction in patients with CVD or at cardiovascular
risk has several strengths. The pilot examined both physiologic
and subjective patient data. Our inclusion of longitudinal HRV
analysis helps to better explore and measure how VR may
influence complex neuro-cardiac interactions that result in less
stressful states. The mixed methods design and inclusion of
interviews or qualitative data analysis add richness and depth
to the conclusions that could be drawn from a purely quantitative
or qualitative analytical approach.

Our study also has several limitations. First, this was a small
sample of well-educated, predominantly White participants,

which limits the generalizability of findings to other
demographic populations. Second, there was no control arm in
this pilot study meant to test feasibility, look for signals in
clinical outcomes, and inform subsequent studies. This limitation
prevents us from concluding that the observed stress reduction
was due to the VR itself and not due to other confounding
factors, such as the novelty of trying VR (for 11 participants).
We plan to conduct future studies with a larger, more diverse
population and incorporate a control group. Third, the design
could not account for several factors such as time of day,
caffeine intake, exercise, and medication use. This may
significantly limit the measurement of physiological data and
comparisons between participants [56]. While these patient-level
factors were asked about in surveys (Multimedia Appendix 1),
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we did not explicitly instruct participants to adjust their caffeine
intake or exercise prior to the study visit, and we did not adjust
for these factors in our analysis. Future studies should attempt
to control for these considerations. Finally, this was also a 1-time
intervention lacking a longer follow-up period to fully
characterize long-term effects.

Future Directions
Our findings warrant further research in a possible VR3 study,
a randomized controlled trial that compares outcomes of an
intervention and a control condition. Further, there are
implications for designing a future study with a more specific
population, more robust or targeted intervention, as well as for
determining an appropriate control arm. There are several
possibilities. One option would be to focus on a younger patient
population at high clinical risk. Other options would be to focus
on hospitalized patients during the periprocedural time period
or in the intensive care unit. Alternatively, patients in CR may
stand to benefit greatly due to depression and anxiety being
highly prevalent in this population [80]. Stress reduction is one
of the 3 main goals of CR. This VR intervention could be used
in collaboration with a cardiac psychologist to target processing
anxiety or trauma after a cardiac event, given that we found the

VR experience activated certain memories and feelings in these
individuals. Repeated use of the VR experience could also be
considered. In terms of creating a control arm, possibilities
include a traditional mindfulness meditation, progressive muscle
relaxation, currently available VR programs for relaxation, an
audio-only experience, or even allowing participants to try to
take a nap. It will also be important to discuss possible VR
improvements with designers such as using a custom headstrap
mounting system to better support the weight of the display,
shortening the length of the experience, changing the intensity
of visuals, and potentially incorporating HRV biofeedback.
Equally important will be continued partnership with patients
from the specified populations to tailor VR content accordingly.

Conclusions
This group of patients with or at risk for CVD exhibited
higher-than-average stress levels, aligning with epidemiological
findings. The notable reduction in perceived stress aligned with
some but not all physiologic changes assessed. The VR
intervention appeared to be a safe and practical method for stress
reduction. Future studies are necessary to explore its
effectiveness to lower stress in CVD at-risk and disease
populations.
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Abstract

Background: A 12-week digital health program for nonalcoholic fatty liver disease (NAFLD) previously showed feasibility in
engagement, program retention, and clinical outcomes. This study investigates whether improvements in cardiometabolic risk
factors achieved during a 12-week active program were sustained over a subsequent 6-month follow-up period.

Objective: The primary objective of this analysis was to evaluate whether the clinical improvements achieved after a 12-week
program were maintained over the subsequent 6-month period, which did not include coaching or new intervention materials. In
addition, the study aimed to assess participants’ retention and engagement with the maintenance program.

Methods: In a 9-month, single-arm study using the Sidekick app (Sidekick Health), individuals with NAFLD and BMI >30 or
metabolic syndrome or type 2 diabetes were included. The initial 12 weeks focused on providing education about diet, physical
activity, stress management, and sleep, followed by 6 months without coaching or new intervention materials. The measured
outcomes encompassed demographics, body composition, liver fat assessed using magnetic resonance imaging-proton density
fat fraction (MRI-PDFF), and blood markers.

Results: Of the 34 participants who completed the first 12 weeks, 28 (82%) completed the 9-month study measurements. The
median age was 63.0 years (IQR 53.5‐71.0) and 57.1% (16/28) were women. At 9 months, compared to baseline, the mean
weight loss was 4.0 kg (SD 5.0; P<.001). Liver fat decreased by 2.5% (SD 4.5; P<.001), with an 18.4% relative reduction. Systolic
blood pressure decreased by 8.3 mm Hg (SD 13.4, P<.001) and diastolic by 2.5 mm Hg (SD 6.0; P=.02). Waist circumference
decreased by 4.7 cm (SD 7.1; P<.001) and median glycated hemoglobin A1c (HbA1c) decreased by 19.5 mmol/mol (P<.001).

Conclusion: Sustained improvements in liver fat and metabolic markers suggest that Sidekick Health’s digital program is a
promising strategy for managing NAFLD without requiring continuous coaching.

Trial Registration: ClinicalTrials.gov NCT05426382; https://clinicaltrials.gov/study/NCT05426382

(JMIR Cardio 2025;9:e72074)   doi:10.2196/72074

KEYWORDS

digital health program; nonalcoholic fatty liver disease; NAFLD; cardiometabolic health; digital therapeutics; liver; chronic;
hepatic; cardiometabolic; cardiovascular; cardiology; weight; acceptability; digital health; metabolic syndrome; diabetic; diabetes;
type 2 diabetes; BMI; lifestyle; exercise; physical activity; coaching; diet; dietary; nutrition; nutritional; patient education; coach;
feasibility; fat; body composition; MAFLD; MASLD
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Introduction

As lifestyles have become more sedentary and diets have
become hypercaloric, with high levels of refined sugars, grains,
ultraprocessed foods, and sugar-containing beverages,
nonalcoholic fatty liver disease (NAFLD) has emerged as a
major public health concern. This rise parallels the global
increase in obesity, type 2 diabetes, and metabolic syndrome
[1,2]. NAFLD is now the most prevalent chronic liver disease
globally, characterized by the accumulation of fat in the liver
in the absence of excessive alcohol consumption or other
identifiable secondary causes [3]. NAFLD encompasses a
spectrum of liver conditions, from simple steatosis to its more
severe form, nonalcoholic steatohepatitis (NASH), which can
progress to fibrosis, cirrhosis, liver failure, and hepatocellular
carcinoma [4]. NAFLD is a multisystem disease that is closely
interlinked with metabolic syndrome, and they share common
pathophysiological mechanisms and frequently coexist. NAFLD
not only represents the hepatic manifestation of metabolic
syndrome but may also contribute to its progression, establishing
a mutual and bidirectional relationship between the 2 conditions
[5,6]. In individuals with NAFLD, the leading cause of mortality
is cardiovascular disease, followed by mortality from
extrahepatic cancer, liver-related conditions (including
hepatocellular carcinoma), and diabetes [7]. Furthermore, it is
predicted that NAFLD and NASH will soon become the most
common indication for liver transplantation, highlighting the
growing socioeconomic burden associated with this disease [8].

Despite the rising prevalence of NAFLD, effective therapeutic
options are still limited, with no approved pharmacological
treatment currently available for its management [9]. Currently,
lifestyle modifications focusing on dietary changes, increased
physical activity, weight loss, and weight maintenance are the
primary initial approaches for managing NAFLD [10]. However,
the lack of standardized, evidence-based interventions and
limited out-of-hospital monitoring often leads to suboptimal
long-term results for individuals undergoing lifestyle
interventions for NAFLD. This emphasizes the urgent need for
innovative and scalable solutions to mitigate disease progression
and improve long-term clinical outcomes. The use of digital
technologies, such as smartphone apps, offers a promising
approach to providing scalable and personalized interventions
for individuals with NAFLD, with encouraging results reported
in a recent study [11].

Sidekick Health is an Icelandic digital therapeutic company that
has developed a digital health program (Sidekick-241 or
SK-241) specifically designed for people with NAFLD and
metabolic derangements. The emphasis of the SK-241 program
is to improve nutritional status by focusing on limiting
ultraprocessed foods, decreasing carbohydrates, increasing
physical activity levels, reducing stress, and improving sleep.
The results from the initial 12-week active phase of the SK-241
digital health program have been previously published, showing
excellent retention, engagement, and satisfaction, alongside
improvements in liver-specific and cardiometabolic health
outcomes [12]. In this study, we present the 9-month results,
including the 6-month maintenance period, highlighting the

potential longer-term benefit of the SK-241 digital health
program.

Methods

Trial Design
This open-label, single-arm, prospective study was conducted
over 9 months, from June 2022 to April 2023 in Iceland. The
study period included an active 12-week digital health program
delivered through the Sidekick app, followed by an optional
6-month maintenance period. Clinical assessments, including
screening and pre- and postprogram clinical assessments, were
carried out at baseline, 12 weeks, and 9 months at The Icelandic
Heart Association.

Nomenclature
Recent updates in the nomenclature for fatty liver disease have
introduced the term Metabolic Dysfunction-Associated Steatotic
Liver Disease (MASLD) as a replacement for NAFLD [13].
While this new terminology has been endorsed by several major
liver societies, it has not yet reached universal acceptance and
has sparked some debate and confusion within the scientific
community [14,15]. Given that the diagnostic criteria and study
design for the present study were developed and registered under
the established NAFLD framework, and to maintain consistency
with previous literature, we have retained the use of the term
NAFLD in this manuscript. This decision aligns with current
guidance suggesting that researchers may continue to use the
nomenclature most appropriate to their study context during
this transitional period [16]. Future studies will adopt the
updated consensus terminology as standardization across the
field progresses.

Participants and Screening for NAFLD
The screening process has previously been described [12].
Briefly, 38 individuals between 18‐80 years old, with at least
1 of the following risk factors: BMI >30, metabolic syndrome
or type 2 diabetes mellitus, and confirmed liver steatosis >5%
with a noninvasive ultrasonography-based controlled attenuation
parameter (CAP) assessment through a FibroScan device were
invited to participate after giving informed consent and fulfilling
the inclusion and exclusion criteria [17].

Digital Health Program
The active 12-week digital health program has previously been
described [12]. To summarize, the primary focus of the
12-week-long program was to reduce participants’ daily dietary
carbohydrate consumption and improve their overall nutrition
quality in small, achievable, and sustainable steps (eg, reducing
added sugars and processed foods, prioritizing protein, and
increasing vegetable consumption). A secondary focus was to
increase daily physical activity levels, improve sleep quality,
and reduce stress. The program included short daily missions
aimed at increasing knowledge about NAFLD and its
contributing factors. The daily missions included watching short
educational videos, reading brief informational content, and
logging meals and beverages, which consisted of taking a photo
of the meal, assessing on a sliding scale how healthy the meal
was, and evaluating hunger and satiety before and after the meal.
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Other missions were regular practice of mindfulness and
meditation, logging daily energy levels, stress, and sleep quality
on a sliding scale from 0‐10. The 12-week active program
also provided participants with in-app health coach support (a
person, not artificial intelligence [AI]), who gave weekly
feedback on food logs and other in-app activities and answered
participants’ questions as needed. In addition, at the beginning
of the 12-week program, participants had the opportunity to
have a 30-minute video call interview with the health coach for
a baseline assessment.

After completing the 12-week program, participants were given
the option to retain access to the app for an additional 6 months.
During this maintenance period, no new content was provided;
however, participants could access previously received
educational materials and continue using features such as a
food-logging tool, in-app step counter, and other features. Active
health coach support was not included during the 6-month
maintenance period.

Outcome Measures and Covariates
The primary objective of this analysis was to evaluate whether
the clinical improvements achieved after a 12-week program
were maintained over the subsequent 6-month period, which
did not include coaching or new intervention materials. In
addition, the study aimed to assess participants’ retention and
engagement with the maintenance program.

Participants were assessed at baseline, 12-week, and 9-month
for demographic data, anthropometric measures, medical history,
medications, and adverse events. Liver fat content was measured
and quantified at these time points using MRI-PDFF with a
multiecho chemical shift-encoded gradient-echo sequence [18].
A new MRI machine was used for the 9-month follow-up visit.
Analysis confirmed that the 2 machines produced comparable
results, with an intraclass correlation coefficient of 0.97
(Multimedia Appendix 1). Body composition was assessed at
baseline, 12 weeks, and 9 months, with a dual-energy x-ray
absorptiometry (DXA) [19]. Blood pressure was measured using
an automatic blood pressure monitor. Blood samples were drawn
at the same time points to measure complete blood count, alanine
aminotransferase (ALAT), aspartate aminotransferase (ASAT),
glycated hemoglobin A1c (HbA1c), fasting glucose and insulin
for Homeostatic Model Assessment of Insulin Resistance
(HOMA-IR), total cholesterol, high-density
lipoprotein-cholesterol (HDL-C), low-density
lipoprotein-cholesterol (LDL-C), triglycerides, and
high-sensitivity C-reactive protein (hs-CRP). The Fibrosis-4
Index, a noninvasive tool to estimate liver fibrosis risk and
categorize outcomes in low-, medium-, and high-risk fibrosis
groups, was calculated at baseline, 12 weeks, and 9 months
[20,21].

Participants were given the following questionnaires via an
electronic Patient Reported Outcome (PRO): Depression,
Anxiety, and Stress Scale (DASS-21), health-related quality of
life (EQ-5D-5L), and the Morisky Medication Adherence Scale
(MMAS-8) [22-25].

For an exploratory engagement analysis, study participants were
divided into 2 groups depending on how engaged they were

with the digital health program to assess if clinical outcomes
were associated with in-app use and engagement. For the
6-month maintenance period, clinical outcomes were compared
between those participants who remained active during the
maintenance period (defined as being active 18 or more weeks
of the 24 weeks) and those who were less active.

For a supplementary exploratory behavior change analysis,
participants were administered an in-app questionnaire at
baseline and again at week 12, focusing on behavior change.
To analyze the pre-post responses, the answers were categorized
into 2 groups (Yes or No, Disagree or Agree, Rarely True, Often
True) and the frequency of each category was reported. The
analysis included those who had answered the questionnaire at
both baseline and week 12. The McNemar chi-square test with
continuity correction was applied to evaluate the significance
of changes in response rates from baseline to week 12.

Statistical Analysis
A formal sample size calculation was not performed as this was
a feasibility study. It was considered sufficient to aim for 30‐40
participants to obtain information on practical aspects of
recruitment, in-app engagement, retention, and rates of
acceptance, which were the primary outcomes of the study.

Changes in clinical assessments and PROs between follow-up
time points were calculated as the mean and SD for
approximately normally distributed variables (normality was
analyzed with the Shapiro-Wilk test) or as the median and IQR
for variables that did not satisfy normality criteria. Categorical
data were calculated as frequencies and percentages. To compare
baseline and follow-up outcomes, paired t tests were computed
for approximately normally distributed data. In case the
normality assumption was not met, nonparametric tests were
computed (Wilcoxon signed-rank tests). Unless otherwise
specified, all statistical tests were performed at the 5% (2-sided)
significance level. Statistical analysis was performed in Stata
(StataCorp) and R (version 4.0.3; R Foundation for Statistical
Computing). All enrolled participants were included in the full
analysis set. Missing data were imputed using the baseline
observation carried forward provided that the participant was
enrolled in the study and at least 1 of 3 measurements (baseline
or follow-up at 12 weeks or 9 months) was collected. Moreover,
missing baseline measurements in waist circumference, hip
circumference, and low-density lipoprotein cholesterol were
imputed for 1 participant using the next observation carried
backward. The complete case analysis set included participants
who attended both the baseline visit and the 12-week follow-up
visit.

Ethical Considerations
The National Bioethics Committee of Iceland and the Data
Protection Authority approved this study under the approval
code 22‐075-Vl. All participants provided informed consent
before enrolling in the study. All data were deidentified and
analyzed in accordance with institutional protocols. Participants
were given the option of seeking reimbursement for travel
expenses not exceeding US $150 in total; no other compensation
was provided. The study was registered at clinicaltrials.gov
under the trial identifier NCT05426382.
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Results

Participant Characteristics
A total of 28 participants completed the measurements following
the maintenance program. The median age of those who
completed was 63.0 years (IQR 53.5‐71.0), with 16 (57%)
being female, and all participants identifying as Caucasian.
None of the participants were smokers, and 42% held a
university degree. At baseline, 89% of participants had obesity
(BMI >30), 60% had type 2 diabetes mellitus, 75% had
hypertension, 46% had hypercholesterolemia, and 40% had a
history of cardiovascular disease. In total, 53% of participants
reported taking antidiabetic medication, 85% antihypertensive
medication, and 46% antilipidemic medication. During the
6-month maintenance period, 16 participants (42%) reported
changes to their medication: 16 (42%) started new medications,
4 (10.5%) had dosage adjustments (in strength and or
frequency), and 7 (18%) reported discontinuing medication. Of
particular interest were changes that could influence metabolic
outcomes. One participant started a glucagon-like peptide-1
agonist (GLP1-RA), semaglutide, along with metformin.
Another participant switched from semaglutide to liraglutide,
1 increased their dose of semaglutide, and 1 participant stopped
taking semaglutide. Other medication changes were considered
irrelevant to the study outcomes by the study’s principal
investigator.

Retention and Engagement in the Maintenance Period
Of the 34 individuals who completed the 12-week active
program, 28 (82%) individuals attended the third and final
follow-up visit at 9 months. By the end of the 6-month
maintenance period, 19 out of 38 participants (50%) were still
retained in the app during the final week. In addition, 17
participants (45%) were active >5 days during 18 of the 24
weeks of the maintenance period. The median number of active
days per week during this period was 2.38 (IQR 0.36‐6.08)
days, and participants completed an average of 4.2 (SD 5.9)
daily missions with the app per day.

Metabolic Parameters
At month 9 compared to baseline (Table 1), participants in the
full analysis set (n=38) demonstrated significant improvement
in metabolic parameters.

The mean weight loss (SD) was 4.0 (5.0) kg (P<.001). The mean
(SD) absolute reduction in liver fat was 2.5% (4.5) and the mean
(SD) relative reduction was 18.4% (30.5) (P<.001). There was
also a reduction in mean (SD) systolic blood pressure by 8.3
mm Hg (13.4) (P<.001) and in diastolic blood pressure by 2.5
mm Hg (6.0) (P=.02). The mean (SD) waist circumference
decreased by 4.7 cm (7.1) (P<.001) and the median (IQR) HbA1c

was reduced by 18.5 mmol/mol (3-22) (P<.001).

When comparing the first 12 weeks to the subsequent 6 months
maintenance period, all metabolic parameters remained
significantly improved (Table 1), except for triglycerides (P=.15)
and a slight increase in LDL-cholesterol. The mean (SD)
LDL-cholesterol value was 2.9 mmol/L (1.1) at week 12
compared to 3.0 mmol/L (1.0) at month 9 (P=.04). In addition,
diastolic blood pressure continued to decline during the
maintenance period, resulting in a significant mean (SD)
reduction of 2.5 mm Hg (6.0; P=.02) at month 9, which was
not observed at week 12. These improvements were not
explained by changes in medication or medication adherence
(data not shown). Furthermore, the median (IQR) hs-CRP value
significantly decreased from 3.0 mg/L (1.2‐5.2) at baseline to
2.4 mg/L (1.1‐3.9; P=.03) at month 9. In contrast, the reduction
in hs-CRP at week 12 was not statistically significant. At
baseline, the mean fasting s-insulin and HOMA-IR levels
indicated insulin resistance. At week 12, we detected significant
improvements in these variables and found that those
improvements were sustained over the maintenance period (see
Table 1). In addition, we saw further improvements in glycemic
control during the maintenance period, with a median (IQR)
reduction of 18.5 mmol/mol (3-22) (P<.001) in HbA1c levels,
compared with week 12. These data indicate that initial clinical
improvements were sustained over the maintenance period.

There was a trend to an even better improvement in most of the
metabolic parameters at 9 months compared to 12 weeks,
although this was not significant.

The sustained improvements in weight loss and body
composition were mirrored by sustained reduction in liver fat
measured by MRI-PDFF. The mean (SD) liver fat percentage
was 9.8% (6.6) at month 9 and 10.1% (6.5) at week 12. The
mean (SD) relative reduction from baseline in MRI-PDFF liver
fat value at month 9 was 18.4% (30.5), aligning closely with
the reduction observed during the first 12 weeks of the study
(P<.001).
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Table . Differences in anthropometric, biochemical, and clinical measurements at baseline, week 12, and month 9 for the full analysis set.

P value
Week 12
versus

Month 9a

P value base-
line versus

Month 9a

P value base-
line versus

Week 12a

Change from
Week 12 to

Month 9

Change from
baseline to

Month 9

Change from
baseline to

Week 12

Month 9

(n=38)

12-week

(n=38)

Baseline

(n=38)

Characteris-
tics

Anthropome-
try

.48<.001<.0010.5 (4.4)4.0 (5.0)3.5 (3.7)106.0 (19.4)106.5 (18.4)110.0 (18.5)    Weight
(kg), mean
(SD)

N/AbN/AbN/Ab0.5 (0.4)3.8 (4.9)3.2 (3.4)N/AbN/AbN/Ab    Relative
% change in
weight,
mean (SD)

.46<.001<.0010.2 (1.4)1.3 (1.7)1.2 (1.3)36.2 (6.1)36.4 (5.8)37.6 (5.8)    BMI
(kg/m2),
mean (SD)

.45<.001<.0010.7 (5.5)4.7 (7.1)4.0 (5.1)118.9 (13.7)119.9 (12.2)123.8 (12.2)    Waist cir-
cumference
(cm), mean
(SD)

.45.03.010.6 (5.0)2.5 (6.7)1.8 [0.0‐
4.9]

122.6 (14)123.2 (13.3)125.1 (14.0)    Hip cir-
cumference
(cm), mean
(SD)

.33d.02d.09d0.0 [0.0‐
0.0]

0.02 (0.06)0.00
[−0.01‐
0.03]

1 [0.9‐1.0]0.99 [0.92‐
1.03]

1.00 [0.95‐
1.03]

    Waist to
hip ratio,
median,
(IQR)

Liver assess-
ment

.60<.001<.0010.3 (3.9)2.5 (4.5)2.2 (2.9)9.8 (6.6)10.1 (6.5)12.3 (7.1)    Liver fat
MRI-PDFF
(%), mean
(SD)

N/AbN/AbN/Ab5.8 (0.47)18.4 (30.5)19.4 (23.9)N/AbN/Ab    Liver fat
MRI-PDFF
mean rela-
tive change

(%)c

.15d.11d.11d0.2 [−0.4‐
1.8]

0.0 [−0.1‐
1.2]

0.2 [−0.3‐
1.6]

6.4 [5.0‐
8.4]

6.6 [5.3‐
8.4]

6.4 [5.2‐
9.6]

    Liver stiff-
ness measure
(kPa), medi-
an (IQR)

.56<.001<.001−4.9 (51.6)16.0 [0.0‐
50.0]

33.3 (39.7)315.2 (54.3)310.3 (47.2)343.6 (34.8)    CAP score
(dB/m),

mean (SD)e

Body compo-
sition

.81<.001<.0010.1 (2.4)1.0 (2.6)0.9 (1.4)c44.4 [8.1‐
51.4]

44.3 [37.8‐
52.2]

46.6 [39.4‐
52.4]

    Total
body region
fat, %, medi-

an (IQR)f

.72<.001<.0010.2 (3.7)2.4 (3.9)2.2 (2.7)47.8 (14.5)48.1 (14.5)50.3 (13.8)    Fat mass,

kg f

.42<.001.0080.3 (2.3)1.0 (2.4)0.7 (1.7)55.3 (8.9)55.6 (9.7)56.3 (10.1)    Lean

mass, kgf
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P value
Week 12
versus

Month 9a

P value base-
line versus

Month 9a

P value base-
line versus

Week 12a

Change from
Week 12 to

Month 9

Change from
baseline to

Month 9

Change from
baseline to

Week 12

Month 9

(n=38)

12-week

(n=38)

Baseline

(n=38)

Characteris-
tics

Blood pres-
sure (mm
Hg), mean
(SD)

.29<.001.0092.3 (13.0)8.3 (13.4)6.0 (13.5)133.1 (14.7)135.4 (17.3)141.4 (17.1)    Systolic

.32.02.361.3 (8.1)2.5 (6.0)1.2 (7.7)81.1 (7.9)82.5 (7.4)83.6 (7.4)    Diastolic

Biochemical
measures

<.001d<.001d.03d18.5 [3-22]19.5 [2-22]0.5 [−0.7‐
3.8]

42.5 (39-55)60.0 [54.3‐
64.0]

60.0 [56.0‐
66.8]

    HbA1c

(mmol/mol),
median

[IQR] g

.94d.76d.64d0.0 [−0.4-
.4.0]

0 [−.2‐0.1]0.0 [−0.3‐
0.4]

6.3 [5.6‐
6.8]

6.3 [5.4‐
6.9]

6.2 [5.3‐
7.4]

    S-Glucose
(mmol/L),
median

[IQR]h

.64d<.001d.003d0.0 [-3.4‐
3.1]

1.7 [0‐6.5]3.2 [0.0‐
5.4]

18.9 [13.5‐
24.5]

19.0 [13.0‐
25.0]

21.1 [16.4‐
27.9]

    S-Insulin
(µU/ml), me-

dian [IQR]i

.68d.007d.02d0.1 [−0.7‐
0.9]

0.4 [0.0‐
2.0]

0.4 [−0.2‐
2.1]

5.3 [3.9‐
6.6]

4.8 [3.6‐
7.2]

5.8 [4.3‐
8.4]

    HOMA-
IR
(mmol/L),
median

(IQR)j

.28d.05d>0.99d0.1 [−0.5‐
0.2]

0.0 [−0.2‐
0.0]

0.0 [−0.2‐
0.2]

5.0 (1.2)4.8 (1.2)4.9 (1.3)    Total
cholesterol
(mmol/L),
mean (SD)
or median
[IQR]

.48d.04d.18d0.0 [−0.3‐
0.3]

0.0 [−0.2‐
0.0]

−0.1 [−0.3‐
0.1]

3.0 (1.0)2.9 (1.1)2.9 (1.1)    LDL-C
(mmol/L),
mean (SD)
or median

[IQR]k

.55.27.560.0 [−0.1‐
0.1]

0.0 [−0.1‐
0.0]

−0.01 (0.12)1.1 (0.2)1.12 (0.19)1.11 (0.23)    HDL-C
(mmol/L),
mean (SD)
or median

[IQR]l

.25d.15d.003d0.0 [−0.4‐
0.1]

0.0 [0.0‐
4.0]

0.14 [0.00‐
0.47]

1.8 [1.1‐
2.2]

1.68 [1.21‐
1.90]

1.88 [1.35‐
2.45]

    Triglyc-
erides
(mmol/L),
median
(IQR)

.27d.03d.14d0.1 [−0.3‐
1.0]

0.0 [0.0‐
0.8]

0.1 [-0.1‐
0.7]

2.4 [1.1‐
3.9]

2.5 [1.1‐
3.9]

3.0 [1.2‐
5.2]

    hs-CRP
(mg/L), me-

dian [IQR]m

.18d.80d.37d0.8 [-1.6‐
7.0]

0.0 [−5.0‐
2.9]

0.0 [−6.8‐
2.8]

22.1 (18.7‐
29.1)

23.2 [18.4‐
32.0]

21.4 [18.2‐
30.2]

    ALAT
(IU/L), medi-

an [IQR]n
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P value
Week 12
versus

Month 9a

P value base-
line versus

Month 9a

P value base-
line versus

Week 12a

Change from
Week 12 to

Month 9

Change from
baseline to

Month 9

Change from
baseline to

Week 12

Month 9

(n=38)

12-week

(n=38)

Baseline

(n=38)

Characteris-
tics

.22d.16d.53d0.8 [−1.2‐
4.1]

0.0 [−0.2‐
3.8]

0.4 [−2.5‐
2.5]

19.4 (16.7‐
23.2)

22.3 [18.0‐
25.5]

20.8 [17.9‐
24.8]

    ASAT,
(IU/L), medi-

an (IQR)o

.03d.02d.58d0.8 [−1.2‐
4.1]

0.0 [0.0‐
0.2]

0.01
[−0.06‐
0.07]

1.0 (0.7‐
1.2)

1.08 [0.75‐
1.21]

1.08 [0.78‐
1.34]

    Fibrosis-4
Index, medi-

an (IQR)p

aPaired t tests were computed for approximately normally distributed data.
bN/A: not applicable.
cMRI-PDFF: magnetic resonance imaging proton density fat fraction.
dFor nonnormal data, nonparametric tests were computed (Wilcoxon signed-rank tests).
eCAP: controlled attenuation parameter.
fMeasured by dual-energy ray absorptiometry.
gHbA1c: glycated hemoglobin A1c.
hs-glucose: Serum glucose.
is-insulin: Serum insulin.
jHOMA-IR: homeostatic model assessment of insulin resistance.
kLDL-C: low-density lipoprotein cholesterol.
lHDL-C: high-density lipoprotein cholesterol.
mhs-CRP: high-sensitivity C-reactive protein.
nALAT: alanine aminotransferase.
oASAT: aspartate aminotransferase.
pFibrosis-4: index for liver fibrosis.

At month 9, 29 out of 38 participants (76%) were classified as
low risk of liver fibrosis based on the Fibrosis-4 Index,
compared to 27 out of 39 (71%) at baseline. Six participants
(16%) were classified as intermediate risk at month 9 compared
to 7 (18%) at baseline, while 3 (8%) were classified as high risk
at month 9 compared to 4 (11%) at baseline. Furthermore, the
median Fibrosis-4 Index score significantly decreased over the
9-month study period, from 1.08 (IQR 0.78‐1.34) at baseline
to 1.0 (IQR 0.7‐1.2) (P=.02).

No significant changes were observed in health-related quality
of life (HRQoL; EQ-5D-5L), mental health (DASS-21), or
medication adherence (MMAS-8) during the maintenance
period, nor over the total study period (data not shown). In
addition, the improvements in daily step count observed during
the active 12-week program period were not sustained during
the maintenance period, as recorded by the in-app step counter
(data not shown).

Associations Between App Engagement and Clinical
Outcomes
An exploratory analysis was performed to assess the relationship
between participants’ in-app activity during the maintenance
period and their clinical outcomes. Previously, it was reported
that participants who were highly engaged with the app during
the active 12-week period (defined as visiting the app at least
5 days per week) experienced greater weight loss and liver fat
reduction compared to less engaged participants [12]. A similar
pattern was observed during the maintenance period, with highly
engaged participants having significantly greater weight loss

and relative liver fat reduction than those with lower engagement
levels (see Table S1 in Multimedia Appendix 2).

Behavior Change
In an exploratory analysis, participants’ self-reported dietary,
exercise, and mental resilience behaviors were evaluated. Based
on in-app questionnaires administered at Week 1 and Week 12,
statistically significant improvements in healthy behaviors were
found over the active period (see Table S2 in Multimedia
Appendix 2).

Adverse Events
In total, 26 adverse events were reported in the 6-month
maintenance period (see Table S2 in Multimedia Appendix 2).
No adverse events were considered related to the digital program
as assessed by the investigator.

Discussion

Principal Findings
This study indicates that improvements in markers of
cardiometabolic and liver-specific health markers, achieved
during a 12-week active digital health program, can be
maintained at 9 months, even without active coaching or new
content being delivered during the 6-month maintenance period.
We observed sustained weight loss, improvements in body
composition, and reduction in liver fat, blood pressure, and
glycemic control, all known as important key risk factors for
cardiovascular disease [26]. At 9 months, we observed a
significant reduction in hs-CRP levels and waist-to-hip ratio,
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which was not present at 12 weeks. Both markers are indicators
of cardiovascular disease risk. Elevated hs-CRP reflects
low-grade systemic inflammation that plays a key role in the
development of atherosclerosis, while an increase in waist-to-hip
ratio is an indirect measure of abdominal obesity, another
well-established cardiovascular disease (CVD) risk factor
[27,28]. In addition, at 9 months, we observed significantly
lower median Fibrosis-4 Index values compared to baseline.
The Fibrosis-4 Index is a biomarker of liver fibrosis and can
potentially be used as a noninvasive alternative to liver biopsy
for diagnosis and managing liver disease [21]. Our 9-month
data showed that more individuals were categorized in the
low-risk fibrosis group and fewer individuals were categorized
in the intermediate-risk and high-risk groups at 9 months
compared to baseline, suggesting improvements in liver health
over the 9-month study.

The improvements observed in this study are not only clinically
significant but also have important public health implications.
NAFLD, with its potential progression to more severe forms of
liver disease, poses a substantial and increasing burden on health
care systems globally as its prevalence continues to rise [29,30].
The positive and sustained health outcomes shown here suggest
that scalable digital programs, such as SK-241, have the
potential to alleviate this burden by providing effective and
accessible solutions. This program can reduce the strain on
health care professionals and ease the overall pressure on health
care systems.

Previous studies on lifestyle and behavior change interventions
among individuals with NAFLD demonstrate, in general, a low
success rate in achieving long-term weight management, a high
dropout rate, and poor adherence to the prescribed interventions
[31-33]. Moreover, the evidence on the effectiveness of digital
health interventions for NAFLD is limited. To the authors’
knowledge, no previous studies have investigated the
longer-term effectiveness of digital health programs for
managing NAFLD [34]. Our study demonstrated that the
improvements in weight loss, body composition, liver fat
reduction, blood pressure control, insulin sensitivity, and
glycemic control observed during the initial 12 weeks were
sustained at 9 months. Suggesting that the program may induce
potentially longer-lasting metabolic benefits. The digital nature
of this program likely plays a role in fostering sustained
engagement and support, helping participants adopt lasting
behavior changes and effectively address the underlying causes
of metabolic disturbances. Indeed, our exploratory analysis
revealed that indicators of healthy behaviors, including diet,
exercise, and mental resilience, were improved over the course
of a 12-week program. These findings are consistent with the
growing body of literature emphasizing the critical role of
lifestyle modifications in mitigating metabolic dysfunction
associated with NAFLD [35,36]. They contribute to the evolving
narrative on the potential of digital health programs to serve as
a scalable and accessible approach for improving
cardiometabolic health in individuals with NAFLD and CVD
in general.

Glucagon-like peptide-1 receptor agonists (GLP1-RAs) are
considered promising treatment candidates for NAFLD and
NASH and are indicated for the treatment of type 2 diabetes

and obesity [37]. They have been shown to improve glycemic
control and reduce weight, insulin resistance, and liver fat
content [38]. A recent meta-analysis examining the effects of
GLP1-RAs in individuals with NAFLD reported a mean weight
loss of around 4 kg, comparable to the findings in our study.
However, the mean relative reduction in liver fat content was
greater, at 32% compared to the reduction observed in our study
[38]. More recent studies have shown even higher weight loss
and liver fat reductions after treatment with GLP1-RAs in
individuals with NAFLD, making these medications a very
promising treatment option for NAFLD [39]. Although these
new medications have demonstrated strong clinical outcomes,
there is potential for digital health solutions like SK-241 to
complement GLP1-RAs treatments, provide additional support
to patients using GLP1-RAs therapies, or serve as an alternative
for those who cannot tolerate pharmacological treatment.
However, this warrants further investigation.

The relatively high engagement and retention outcomes indicate
that the 6-month maintenance period was well accepted by
participants. However, we cannot assume that it was only or
mainly the in-app activity during the maintenance period that
drove the sustained health outcomes. Some may have continued
to deploy the knowledge and behavior change tools they
acquired in the first 12-week active program. Nevertheless,
ongoing access to the app may serve as an important
motivational tool for some participants, offering additional
support to maintain health improvements and reinforce newly
established habits. This suggests that the SK-241 program is a
promising and valuable option in the comprehensive
management of individuals with NAFLD and cardiometabolic
conditions. However, further research is needed to determine
the optimal duration of such a program to achieve sustained
long-term benefits.

Strengths and Limitations
A strength of this study was the high participant engagement
and retention throughout the study period, enhancing the
reliability of the longitudinal data. Furthermore, cardiovascular
risk factors and liver fat content were assessed using objective
and validated measures, with liver fat quantified using
MRI-PDFF, a highly precise and reproducible imaging
technique. Importantly, the observed reductions in liver fat
content were accompanied by beneficial changes in
cardiovascular risk markers. This temporal association supports
the hypothesis that targeting liver fat may represent a feasible
strategy to reduce cardiovascular risk, while also contributing
to the ongoing scientific debate regarding the causal role of liver
fat in cardiovascular disease [40,41].

Despite the encouraging findings, several limitations must be
acknowledged. This was a preliminary, proof of concept study
with a limited sample size of 28 participants and conducted
under industry sponsorship. This characterization accurately
reflects the early phase and exploratory nature of our work,
which aimed to assess the feasibility and preliminary signals of
efficacy, rather than to draw definitive clinical conclusions. The
study was not powered to detect statistically significant
differences in clinical endpoints or support subgroup analyses,
such as by sex, which can be an important confounder in
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NAFLD research [42]. The study’s generalizability may be
influenced by the specific characteristics of the study population,
for example, all being Caucasian and with a relatively high
education level. A potential limitation of this study is the
absence of intermediate data collection points between the
12-week and 9-month follow-up assessments. While results at
9 months demonstrated sustained effects from the 12-week
intervention period, the lack of more frequent measurements
prevents a precise determination of whether a temporary
“washout effect” (ie, a transient decline in the intervention’s
benefits) occurred during this interval. Future studies could
benefit from more frequent data collection to track the trajectory
of the intervention’s effects more closely over time.
Furthermore, missing values were imputed using baseline
observation carried forward, which is a conservative approach
but does not account for the fact that some individuals may have
had different outcomes than their baseline values if they had
attended the measurements, thus incurring a potential
unmeasured bias. Further research is needed to explore the
applicability of these results to a more diverse population and
setting. In addition, the study did not address the potential
impact of the program on other clinical outcomes, in addition
to liver-related or cardiovascular morbidity and mortality,
warranting further investigation. Moreover, as this was a
single-arm study, results should be interpreted with caution. A
full randomized controlled trial is needed to establish causal

effects, to identify differences in outcomes by sex, and to
validate these findings.

Conclusions
This study adds to the growing evidence supporting the potential
efficacy and sustainability of digital health programs in the
management of NAFLD. Over a 6-month maintenance period,
participants were able to sustain significant improvements in
markers of liver and cardiometabolic health, indicating that the
digital health program may produce long-lasting change, beyond
the active phase. By targeting the root causes of metabolic
disturbances and promoting long-term adoption of healthier
habits, the SK-241 digital health programs provide holistic
support for individuals with NAFLD. Moreover, the scalability
and accessibility of the SK-241 digital health program have the
potential to reduce the burden on health care systems. By
empowering individuals to take an active role in managing their
health remotely, these programs can alleviate pressure on
traditional health care infrastructure and resources.

In conclusion, the findings of this study support the integration
of digital health programs into the clinical management of
NAFLD. Further research and implementation efforts are
warranted to enhance the effectiveness and accessibility of these
interventions, ultimately improving patient outcomes and
reducing the burden on health care systems.
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Abstract

Background: Exercise capacity and lifestyle have proven to be important prognostic factors for cardiovascular patients. Both
can be ameliorated through different preventive interventions. Cardiac rehabilitation and remote patient monitoring have been
proven to reduce cardiac events and cardiovascular mortality. One of the most important goals of cardiac rehabilitation and remote
patient monitoring is improving physical fitness and monitoring of cardiovascular parameters, which could predict cardiac
deterioration. In order to monitor cardiac patients successfully, reliable and nonobtrusive devices to assess physical activity and
cardiovascular parameters need to be available.

Objective: This validation study aims to determine the accuracy of the Philips Health Band (PHB), a noninvasive, wrist-worn,
medically certified device, for the assessment of heart rate (HR) and energy expenditure (EE) in patients with chronic cardiovascular
diseases and recreational athletes (RAs).

Methods: The assessment of HR and EE by the PHB was compared with indirect calorimetry (Oxycon Mobile [OM; CareFusion
GmbH]) during an activity protocol consisting of daily activities. Three groups were assessed: patients with heart failure with
reduced ejection fraction (HFrEF), patients with stable coronary artery disease (CAD) with preserved left ventricular ejection
fraction, and RAs.

Results: A total of 57 patients were included: 19 with CAD, 19 with HFrEF, and 19 RAs. HR assessment in the HFrEF and
CAD groups was significantly underestimated over the entire protocol by the PHB as compared to the OM, with poor and fair
reliability, respectively. No significant difference in HR was found between the PHB and OM over the entire protocol for the RA
group, with good reliability (HFrEF: mean difference 3.0; P<.001; intraclass correlation coefficient [ICC] 0.36; CAD: mean
difference 2.7; P<.001; ICC 0.55; RA: mean difference 0.8; ICC 0.60). Assessment of EE showed an underestimation over the
entire protocol for the RA and CAD group, with poor and fair reliability, respectively. The HFrEF group showed no significant
difference in EE assessment over the entire protocol, with poor reliability (HFrEF: mean difference 0.09; ICC 0.32; CAD: mean
difference 0.29; P<.001; ICC 0.46; RA: mean difference 0.79; P<.001; ICC 0.26). The responsiveness to detect within-patient
changes in activity intensity of the PHB was moderate for the HFrEF and CAD groups and acceptable for the RA group.

Conclusions: HR and EE assessment of a medically certified noninvasive sensor using a photoplethysmogram and accelerometer
showed poor accuracy and moderate responsiveness during an activity protocol reflecting daily living activities in patients with
stable CAD and chronic HFrEF. Accuracy of HR in RAs was good and the responsiveness for both HR and EE was acceptable.
This research confirms previous research and stresses the need for better patient-specific algorithms in noninvasive sensors, taking
cardiovascular pathology and medication usage into account, for assessing HR and EE prior to their implemention in patient
care.

(JMIR Cardio 2025;9:e69343)   doi:10.2196/69343
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Introduction

Exercise capacity is known to be an important prognostic factor
in patients with cardiovascular disease. Coronary artery disease
(CAD) and heart failure (HF) are two of the most prevalent
cardiovascular diseases, affecting millions of people worldwide
[1]. In patients with CAD, regular moderate-intensity physical
activity (PA) is associated with an increase in peak aerobic
capacity and a reduction in all-cause mortality [2]. Research
has shown a similar effect for patients with HF, indicating that
decreased exercise capacity is linked to an increased risk of
atrial arrhythmias, mortality, and hospitalizations due to HF
exacerbations [3]. A study demonstrated that, even after
adjusting for age, exercise capacity remains the strongest
predictor for risk of death in both patients with cardiovascular
disease and healthy individuals undergoing exercise testing.
Due to this, exercise capacity is a more powerful predictor for
mortality among men than other established risk factors of
cardiovascular disease [4].

Over the years, several preventive interventions have emerged
to enhance the prognosis of patients with cardiovascular disease
by coaching as well as monitoring their health status [5]. First,
exercise-based cardiac rehabilitation (CR) after an acute
coronary syndrome is associated with a reduction of the risk of
repeated cardiac events and cardiovascular mortality [6,7].
Despite the benefits of CR, participation rates remain low due
to factors such as long distances to CR facilities and patient age
[8]. Consequently, telerehabilitation has been proposed as an
innovative solution. Second, research has demonstrated that
remote patient monitoring (RPM) of patients with HF is effective
in reducing mortality and HF-related hospitalizations [9-12].
Current RPM interventions use spot measurements of weight,
blood pressure, and heart rate (HR) to monitor patients. In order
to optimize RPM interventions and enable telerehabilitation,
noninvasive sensors are needed for continuous monitoring of
cardiovascular parameters.

It is essential for a monitoring device to be accurate and
responsive if implemented in patient care. The accuracy of a
device is defined as the closeness of agreement between the
monitoring device measurement and the true value [13].
Responsiveness of a device is defined as its ability to detect
within-patient changes of exercise intensity or cardiovascular
parameters over time and is therefore highly important in
patients with cardiovascular disease to monitor progression or
their overall health status.

Previous trials investigating commercially available sensors in
healthy individuals have shown mixed results and cannot be
directly extrapolated to patients with cardiovascular disease due
to differences in cardiac function and medication use, which
affect chronotropic competence [14-17]. This emphasizes the
need for validation studies in patients with cardiovascular
disease. Herkert et al [18] demonstrated that 2 wrist-worn
devices performed poorly in estimating energy expenditure (EE)
and detecting within-patient changes during low-to-moderate

exercise intensities in patients with HF and CAD. Similarly, a
study evaluating the first generation Apple Watch, in patients
with cardiovascular disease, found clinically acceptable HR
accuracy during exercise, but an overestimation of EE [19]. A
recent systematic review demonstrated that while Fitbit devices
accurately measured step count and Apple Watch reliably
measured HR, none of the tested devices accurately estimated
EE, and most were not validated in patients with cardiovascular
disease [20]. These findings suggest ongoing technical progress
but emphasize the need for population-specific validation before
such devices can be reliably used in patient care.

The aim of this validation trial is to investigate the accuracy
and responsiveness of a medically certified wrist-worn sensor,
the Philips Health Band (PHB), for the assessment of HR and
EE in 3 patient populations: patients with HF with reduced
ejection fraction (HFrEF), patients with stable CAD and
preserved left ventricular ejection fraction (LVEF), and
recreational athletes (RAs). If the PHB shows sufficient accuracy
and responsiveness for measuring HR and EE, and thus PA
levels, it could be implemented in clinical care (eg,
telerehabilitation, secondary prevention, and RPM) to provide
health care workers with continuous cardiovascular data and
give patients insights into and promote their PA in daily life.

Methods

Study Population
Patients were included based on their diagnosis to form 3 patient
groups: patients with HFrEF, patients with stable CAD and
LVEF, and RAs who have visited a sports cardiologist before.
Stable CAD is defined as the presence of angina pectoris caused
by one or more coronary artery stenosis, which previously
resulted in an acute coronary syndrome and required intervention
(coronary artery bypass grafting, percutaneous coronary
intervention, or medical therapy). The condition is considered
stable when symptoms have remained unchanged in frequency,
severity, and duration over time [21]. RAs were defined as men
or women, >35 years of age, who perform sports at least 30
weeks a year, with a minimum of 2.5 hours of the same sport
or 1.5 hours of different sports each week [22]. All 3 groups
were analyzed separately. Patients were recruited via their
cardiologist in the outpatient clinic of the Máxima Medical
Center, the Netherlands. Eligible patients were contacted by the
principal investigator, who provided verbal and written
information about the validation study. Patients were excluded
from the study if they had permanent atrial fibrillation,
hemodynamically significant valvular disease, neurological or
orthopedic conditions impairing physical exercise capacity,
severe pulmonary disease impairing exercise capacity, peripheral
vascular disease, or cognitive impairment. Patients had to be
able to speak Dutch to be included.

Protocol
Patients completed a laboratory activity protocol consisting of
daily household activities reflecting real-life situations (cooking,
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table cleaning, and vacuuming), walking on a treadmill, and
cycling. All activities were low-to-moderate intensity. The
activity protocol was based on 2 similar studies in patients with
cardiovascular disease, where it appeared to be functional and
feasible in these patient groups [18,23]. The protocol was
adjusted based on the patient population. Activity intensities
were the highest for RAs, since they are in good condition and
used to sport at higher intensities, while they were lower for

patients with CAD and the lowest for patients with HFrEF.
Cycling was done on 3 different loads, while walking was done
at 3 different speeds and incline angles, all depending on the
different patient groups. The duration of the entire protocol was
around one hour. An overview of the protocol is shown in Table
1. The protocol was performed at the physical therapy
department in the Máxima Medical Center under the supervision
of a medical doctor.

Table . Activity protocol.

Resting (min)Duration (min)Activity type and activity

Sedentary activities

—a5Sitting

—2Standing

Household activities

13Cooking

13Cleaning

33Vacuuming

Cycling (ergometer), load

33HFrEFb 0 W; CADc 0 W; RAd 0 W

33HFrEF 25 W; CAD 40 W; RA 50 W

33HFrEF 50 W; CAD 70 W; RA 100 W

Walking (treadmill), speed-incline

33HFrEF 2 km/h; CAD 4 km/h; RA 4 km/h-5%

33HFrEF 4 km/h; CAD 5.5 km/h; RA 5.5 km/h-5%

33HFrEF 2 km/h–5%; CAD 4 km/h–5%; RA 4
km/h–10%

Stairs

11Ascending

11Descending

aNot applicable.
bHFrEF: heart failure with reduced ejection fraction.
cCAD: coronary artery disease.
dRA: recreational athlete.

Criterion Measure
A CareFusion Oxycon Mobile (OM) device was used during
the entire protocol to measure breath-by-breath oxygen (VO2)
uptake and carbon dioxide (VCO2) production. This is a
lightweight mobile device consisting of a facemask with a gas
analyzer and a 12-lead electrocardiogram (ECG) sensor. The
12-lead ECG sensor was attached to the gas analyzer unit and
strapped on a backpack, worn by the patient. The OM was
connected to a computer where real-time data was gathered.
Gas and volume calibration and ambient conditions were
verified before the start of the protocol. The OM provides a
reliable criterion measure as it has been validated before by
comparing it with the gold standard of EE measurements, the
Douglas Bag [24].

Device
The Philips Health Band (PHB) is a Conformité
Européenne–marked medical class IIa, wrist-worn device that
measures and tracks movement and physiological parameters
of the wearer. The PHB consists of different sensors, including
a photoplethysmography sensor, an altimeter, and a tri-axial
accelerometer. HR can be assessed through the
photoplethysmography signal, while EE is estimated by an
algorithm including basal metabolic rate (based on the wearer’s
gender, age, height, and weight), activity, and HR. Patients wore
the PHB on their nondominant wrist. The PHB was connected
to the Philips Actigraphy Server System. The Philips Actigraphy
Server System includes a mobile phone app and a Philips Health
Suite Data Platform, where the data can be viewed and extracted
by the authorized clinician. The Philips Actigraphy Server
System was supplied with the most recent firmware updates.
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Data Analysis
Raw data from the breathing and HR analysis of the OM (sample
rate 0.5 Hz) and the processed HR and EE data of the PHB
(sample rate 0.0167 Hz) were exported and imported into a
custom-made MATLAB (MATrix LABoratory; MathWorks)
analysis program (R2023b [23.2.0.2409890]). The entire activity
bounds were analyzed.

First, the EE was calculated from the OM breath-by-breath
measurements using the Weir equation [25]:

EE=[(3.941×VO2)+(1.11×VCO2)]×1.1440

Outliers (eg, abrupt movements) in the HR and EE data were
detected using a Hampel filter. Values exceeding 3 SDs from
the median, calculated over the data point itself and up to 3
neighboring elements, were considered outliers and replaced
with the median of this local window [26]. Afterward, the OM
data were down-sampled to 0.0167 Hz to enable a correct
comparison between the PHB data and the OM data. Then, the
HR and EE data of the criterion measure (OM) and the device
(PHB) were matched according to the timestamps corresponding
to the activities of the protocol, as represented in Table 1, and
were ready for comparison.

Statistical Analysis
To achieve 80% power to detect an ICC of 0.75 (hypothesis 0),
which is considered to indicate excellent agreement, a sample
size of 19 participants per study group was calculated. This
applies under the alternative hypothesis that an ICC of 0.4
(hypothesis 1) corresponds to poor agreement in the groups
HFrEF, CAD, and RA.

Descriptive statistics were used to describe the population
according to baseline clinical characteristics. Normality of the
data was assessed by visual inspection of histograms and by
interpreting skewness and kurtosis [27]. Between‐group
differences (HFrEF vs CAD vs RA) were tested by one‐way
ANOVA for continuous variables (age and LVEF), with
Bonferroni-corrected post hoc comparisons where appropriate,
and by Chi-square tests for categorical variables (sex and
medication use). A 2-sided P<.05 was considered significant.
The accuracy of the PHB was assessed by calculating the mean
(SD), mean differences, and mean average percentage error
(MAPE) in HR and EE obtained from the PHB compared with
the criterion measure, the OM. These values were calculated
per activity and over the entire protocol, including resting time.

One-sample t tests were performed using mean differences
(between the PHB and the OM) compared with zero (hypothesis
0) to identify agreement between the PHB and the criterion
measure within reasonable limits (set at a 10% error zone). In
addition, Bland-Altman plots were created to illustrate the level

of agreement between the estimated HR and EE, and the HR
and EE from the criterion measure, with mean bias and 95%
upper and lower limits of agreement (LoA). Data falling outside
the LoA were inspected but did not meet any predefined
exclusion criteria, such as extreme physiological values, poor
signal quality, or documented device malfunctions. While there
may be systematic errors under specific conditions (eg,
high-intensity activities), these data were retained to ensure the
analysis reflects the full range of real-world conditions
encountered in the dataset.

To assess the reliability of the PHB for each activity and the
entire protocol, the ICC using 2-way mixed models with
absolute agreement was used. The ICC was considered poor
below 0.4, fair between 0.4 and 0.59, good between 0.6 and
0.74, and excellent above 0.75 [28]. The responsiveness of the
OM and PHB was assessed using a paired t test during cycling
at different speeds and walking at different speeds and incline
angles. All data analyses were performed using MATLAB
(R2023b [23.2.0.2409890]).

Ethical Considerations
Written informed consent was provided by all patients after
they had received both oral and written information about the
study. The validation study was approved by the local medical
ethical committee of the Máxima Medical Center (institutional
review board approval number NL79217.015.21) and was
conducted in accordance with the Declaration of Helsinki.
Patients did not receive any form of financial or material
compensation for their participation.

Results

Patient Characteristics
A total of 57 patients were included and completed the activity
protocol. The patients were equally divided into 3 groups:
patients with HFrEF (n=19, mean age 69.5 years, SD 9.3 years),
patients with CAD (n=19, mean age 63.7 years, SD 8.1 years),
and RAs (n=19, mean age 58.8 years, SD 10.7 years). There
was a significant difference in age across groups (ANOVA
P=.004) and in LVEF (ANOVA P<.001), whereas gender
distribution did not differ significantly (χ²2P=.35). Patients
across all groups were predominantly male, except for one
female in the HFrEF group and 2 in the CAD group. The
majority of HFrEF and CAD patients were using drugs affecting
HR (19/19 HFrEF patients, 100%; 18/19 CAD patients, 95%),
compared to only 5 in the RA group (26%). Between‐group
differences were significant for β-blocker use (χ²2P<.001) and
amiodarone use (χ²2P=.04), but not for calcium channel blockers
(P=.11) or ivabradine (P=.36). Additional patient characteristics
can be found in Table 2.
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Table . Patient characteristics.

P valueRAc (n=19)CADb (n=19)HFa (n=19)Variables

.00458.8 (10.7)63.7 (8.1)69.5 (9.3)Age (years), mean (SD)

Sex, n/N (%)

.3519/19 (100)17/19 (90)18/19 (95)Male

02/19 (11)1/19 (5)Female

<.00161.8 (3.6)58.8 (6.5)37.7 (7.5)LVEFd (%), mean (SD)

HF etiology, n/N (%)

———f9/19 (47)iCMPe

———10/19 (53)Non-iCMP

Medication, n/N (%)

<.0012/19 (11)11/19 (58)17/19 (90)Beta-blocker

.113/19 (16)7/19 (37)2/19 (11)Calcium channel blocker

.04003/19 (16)Amiodarone

.36001/19 (5)Ivabradine

aHF: heart failure.
bCAD: coronary artery disease.
cRA: recreational athlete.
dLVEF: left ventricular ejection fraction.
eiCMP: ischemic cardiomyopathy.
fNot applicable.

All data from the PHB of one RA was lost due to a
synchronization problem and all data from the OM of one patient
with HFrEF was lost due to technical problems, which resulted
in the exclusion of these 2 patients from the validation analysis.
Stair walking activities of 5 RAs, 5 patients with CAD, and 2
patients with HFrEF were excluded from the analysis due to
OM measurement failure during that specific activity.

Accuracy

Patients With HFrEF
Table S1 in Multimedia Appendix 1 illustrates the accuracy of
HR and EE measurements by the PHB for patients with HFrEF.

For HR, the mean (SD) over the entire protocol in the HFrEF
group was 80.0 (16.9) beats per minute (bpm) for OM and 77.1
(13.6) bpm for PHB. The PHB significantly underestimated HR
over the entire protocol, with a mean difference of 3.0 bpm
(P<.001), showing a similar underestimation pattern for
moderate-intensity household activities, cycling, and walking.
For resting and low-intensity household activities, there were
no significant differences between HR assessed by PHB and
OM, except for standing, showing an underestimation of 3.2
bpm (P<.05). Bland-Altman plots for total HR measurements
showed the PHB’s underestimation, with wide LoA (lower LoA

−30.7 bpm, upper LoA 36.7 bpm) (Figure 1). The bias was
smaller for resting values (eg, for sitting, lower LoA −27.1 bpm,
upper LoA 29.3 bpm) and increased with higher HR levels (eg,
for cycling at 70 W, lower LoA −23.7 bpm, upper LoA 42.1
bpm). The ICCs for the total protocol indicated poor reliability,
with a value of 0.36. The MAPE (SD) was 16.6 (13.9).

The EE results for the HFrEF group demonstrated a mean (SD)
over the entire protocol of 2.86 (1.24) kcal for OM, and 2.76
(1.35) kcal for PHB (mean difference: 0.09 kcal, P=.06).
However, significant underestimations were observed during
climbing and walking down the stairs and cycling at 50 W, with
mean differences of 0.54 kcal (P<.05), 1.04 kcal (P<.05), and
0.67 kcal (P<.001), respectively. It is important to note that
resting and low-intensity household activities showed
nonsignificant overestimations of EE, in contrast to other
activities that were underestimated. Bland-Altman plots for total
EE measurements indicated an underestimation by PHB, with
a wide LoA for the total protocol (lower LoA −2.86 kcal, upper
LoA 3.04 kcal; Figure 1). The bias for resting values was smaller
(eg, for sitting, lower LoA −1.08 kcal, upper LoA 1.0 kcal), but
increased toward EE values around 3 kcal, then stagnated (eg,
cycling at 50 W, lower LoA −2.18, upper LoA 3.04). The ICCs
for the total protocol indicated poor reliability, with a value of
0.32. The MAPE (SD) was 41.07 (40.53).
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Figure 1. Bland-Altman plots heart rate and energy expenditure in patients with heart failure with reduced ejection fraction. BPM: beats per minute;
EE: energy expenditure; HF: heart failure; HR: heart rate; OM: Oxycon Mobile; PHB: Philips Health Band.
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Patients With CAD
Table S2 of Multimedia Appendix 1 demonstrates the accuracy
of HR and EE measurements by the PHB for patients with CAD.

For HR, the mean (SD) over the entire protocol in the CAD
group was 80.4 (15.2) bpm for OM and 77.7 (13.3) bpm for
PHB. The PHB significantly underestimated HR over the entire
protocol, with a mean difference of 2.7 bpm (P<.001), showing
a similar underestimation pattern across all activities except for
sitting, cleaning the table, and cycling at 0 W, with mean

differences of 0.9 bpm, 1.7 bpm, and 0.8 bpm, respectively
(P>.05). Bland-Altman plots for total HR measurements
illustrated the PHB’s underestimation, with a medium wide
LoA (Figure 2). The PHB exhibited LoA from −23.1 bpm to
28.4 bpm. The bias was smaller for resting values (eg, for sitting,
lower LoA −13.8 bpm, upper LoA 15.5 bpm) and increased
with higher HR levels (eg, for cycling at 70 W, lower LoA −29.3
bpm, upper LoA 49.0 bpm). The ICCs for the total protocol
indicated fair reliability, with a value of 0.55. The MAPE (SD)
was 10.8 (10.7).
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Figure 2. Bland-Altman plots for heart rate and energy expenditure in patients with coronary artery disease. BPM: beats per minute; CAD: coronary
artery disease; EE: energy expenditure; HR: heart rate; OM: Oxycon Mobile; PHB: Philips Health Band.

The EE results for the CAD group demonstrated a mean (SD)
over the entire protocol of 3.16 (1.48) kcal for OM and 2.88
(1.41) kcal for PHB. The PHB significantly underestimated EE
across the entire protocol, with a mean difference of 0.29 kcal
(P<.001). A similar underestimation pattern was observed for
moderate-intensity household activities (except for climbing
the stairs) and walking (except for walking at 4 km/h). For

resting, lower intensity household activities, and cycling, the
PHB showed nonsignificant differences compared to OM.
Bland-Altman plots for total EE measurements indicated an
underestimation by PHB, with wide LoA for higher EE values
and narrow LoA for lower EE values (Figure 2). The PHB
exhibited LoA from −2.63 kcal to 3.20 kcal for the total
protocol. The bias for resting values was small (eg, for sitting,
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lower LoA −0.74 kcal, upper LoA 0.84 kcal) and increased with
higher EE levels (eg, cycling at 70 W, lower LoA −3.71 kcal,
upper LoA 4.09 kcal). The ICCs for the total protocol revealed
fair reliability, with a value of 0.46. The MAPE (SD) was 35.66
(34.83).

Recreational Athletes
Table S3 of Multimedia Appendix 1 demonstrates the accuracy
of HR and EE measurements by the PHB for RAs.

For HR, the mean (SD) over the entire protocol in the RA group
was 81.0 (20.8) bpm for OM and 80.2 (19.5) bpm for PHB. The
PHB showed nonsignificant (P>.05) underestimations over the

entire protocol, with a mean difference of 0.8 bpm. Significant
underestimations were found only for walking at all speeds,
cycling (except at 0 W), and standing. For the other activities,
there were nonsignificant (P>.05) differences between HR
measurements by OM and PHB. Bland-Altman plots for total
HR measurements illustrated the PHB’s underestimation, with
LoA from −34.5 bpm to 36.0 bpm (Figure 3). The bias was
smaller for resting values (eg, for sitting, lower LoA −14.1 bpm,
upper LoA 13.6 bpm) and increased with higher HR levels (eg,
for cycling at 70 W, lower LoA −22.3 bpm, upper LoA 44.0
bpm). The ICCs for the total protocol indicated good reliability,
with a value of 0.60. The MAPE (SD) was 16.2 (17.2).
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Figure 3. Bland-Altman plots for heart rate and energy expenditure in recreational athletes. BPM: beats per minute; EE: energy expenditure; HR: heart
rate; OM: Oxycon Mobile; PHB: Philips Health Band.

The EE results for RAs demonstrated a mean (SD) over the
entire protocol of 3.80 (SD 2.11) kcal for OM and 2.96 (SD

1.71) kcal for PHB. The PHB significantly underestimated EE
across the entire protocol, with a mean difference of 0.79 kcal
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(P<.001). This underestimation pattern was consistent across
most activities, with only nonsignificant (P>.05)
underestimations for standing (mean difference of 0.08 kcal),
cooking (mean difference of 0.04 kcal), and cycling at 0 W
(mean difference of 0.18 kcal). Bland-Altman plots for total EE
measurements indicated an underestimation by PHB, with wide
LoA for higher EE values and narrower LoA for lower EE
values (Figure 3). The bias increased until EE expenditures were
around 5 kcal and then decreased. The PHB exhibited LoA from
−3.53 kcal to 5.10 kcal for the total protocol. The bias for resting
values was small (eg, for sitting, lower LoA −0.93 kcal, upper
LoA 1.55 kcal) and increased with higher EE levels (eg, cycling
at 100 W, lower LoA −3.66 kcal, upper LoA 6.41 kcal). The
ICCs for the total protocol revealed poor reliability, with a value
of 0.26. The MAPE (SD) was 42.87 (38.51).

Responsiveness
Table S4 of Multimedia Appendix 1 shows the ability of PHB
to detect within-patient changes in cycling and walking
activities.

Patients With HFrEF
For HR responses, the PHB was able to detect within-patient
changes when cycling at 25 W versus 50 W (mean difference
−1.28 bpm; P=.02) and when walking at 2 km/h versus 4 km/h
(mean difference −3.78 bpm; P=.009). Note that differences in
HR between cycling at 0 W versus 25 W were nonsignificant
as measured by the OM. For EE responses, the PHB detected
within-patient changes for cycling at 0 W versus 50 W (mean
difference −0.44 kcal; P<0.001) and at 25 W versus 50 W (mean
difference −0.42 kcal; P<.001). However, the PHB was not able
to detect within-patient changes in EE for walking. It should be
noted that differences in EE were nonsignificant for cycling at
0 W versus 25 W and for walking at 2 km/h versus 2 km/h with
a 5% slope, as was measured by the OM.

Patients With CAD
For HR responses, the PHB was able to detect within-patient
changes when cycling at 0 W versus 70 W (mean difference
−4.32 bpm; P=.003) and when cycling at 40 W versus 70 W
(mean difference −3.76 bpm; P<.001). For walking, the PHB
was able to detect within-patient changes when walking at 4
km/h versus walking at 4 km/h with a 5% slope (mean difference
−4.26 bpm; P<.001). Note that there were no significant
differences between walking at 5.5 km/h versus walking at 4
km/h with a 5% slope, as measured by the OM. For EE
responses, the PHB can detect within-patient changes when
cycling at 0 W versus 70 W (mean difference −0.74 kcal;
P<.001) and when cycling at 40 W versus 70 W (mean
difference −0.57 kcal; P<.001). However, the PHB was not able
to detect within-patient changes in EE for walking at different
speeds and slopes. It should be noted that there were no
significant changes in EE when walking at 5.5 km/h versus
walking at 4 km/h with a 5% slope, as measured by the OM.

Recreational Athletes
For HR responses, the PHB was able to detect within-patient
changes for cycling and walking at different watts, speeds, and
slopes, except when cycling at 0 W versus 50 W. However, no
significant differences were present when walking at 5.5 km/h

with a 5% slope versus walking at 4 km/h with a 10% slope.
For EE responses, the PHB detected within-patient changes for
cycling and walking at different watts, speeds, and slopes, except
for walking at 4 km/h with a 5% slope versus walking at 5.5
km/h with a 5% slope. There were no significant differences
between walking at 5.5 km/h with a 5% slope versus walking
at 4 km/h with a 10% slope, as measured by the OM.

Discussion

Principal Findings
This validation trial demonstrated poor accuracy of the PHB
for monitoring HR in patients with HFrEF and patients with
CAD, while there was no significant difference between the
PHB and OM in the RA group, showing its ability to correctly
measure HR in a healthier population. For all 3 groups, there
was a pattern of underestimating HR and EE during more intense
activities. EE was significantly underestimated in patients with
CAD and RAs over the entire protocol. Responsiveness of the
PHB demonstrated mixed results. The PHB was able to detect
within-patient changes in HR and EE in RAs for almost all
cycling loads and walking speeds. In patients with CAD and
patients with HFrEF, the PHB demonstrated moderate to poor
responsiveness to changes in cycling loads or walking speeds.

Accuracy
Our study showed that the PHB demonstrates poor accuracy
for measuring HR in patients with HFrEF and patients with
CAD during moderate intensity activities. This is in contrast to
previous studies investigating commercially available wrist-worn
photoplethysmography sensors. Blok et al [29] investigated the
accuracy of heartbeat detection using photoplethysmography
sensors in patients with cardiovascular disease. They concluded
that photoplethysmography sensors can determine HR with high
accuracy in patients with cardiovascular disease. However, these
measurements were made in the resting state. During activities,
photoplethysmography signals are often contaminated by motion
artifacts and noise, which deteriorate the signal quality and pose
significant challenges on HR monitoring. This has led to
different research suggesting algorithms for accurate HR
tracking even in the presence of motion artifacts and noises
[30]. Novel photoplethysmography-based sensors are integrated
with algorithms for HR estimation even during activities. Kim
et al [31] validated 2 new commercially available smartwatches
for the assessment of HR during a cardiopulmonary exercise
test in patients with CAD. They concluded that these newer
devices show high concordance with the gold-standard ECG
measurement. These results are also in contrast to the findings
from our validation trial. A possible explanation for this might
be the difference in the activity protocol. While Kim et al [31]
validated the photoplethysmography sensors during a
cardiopulmonary exercise test, we tried to validate the PHB
sensor during an activity protocol with household activities
reflecting real-life situations. These household activities included
cooking, table cleaning, and vacuuming, which require more
wrist movements. The placement of the photoplethysmography
sensor on different body parts affects the severity of motion
artifacts. Wrist placement is convenient since the
photoplethysmography sensor can be integrated into
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smartwatches and fitness trackers, but the wrist is more prone
to motion artifacts and sensor detachment due to hand movement
[32]. Moreover, the skin on the wrist moves more than other
body parts, affecting sensor stability, likely influencing signal
quality [32]. Conversely, placing the photoplethysmography
sensor higher on the underarm or on the upper arm could reduce
motion artifacts, since these areas experience less motion during
daily activities, and skin movement is minimal compared to the
wrist.

Another finding demonstrates a significant difference in the
accuracy of HR between patients with HFrEF and patients with
CAD compared to the . A possible explanation for this difference
might be the patient’s medication use and their cardiovascular
pathology. Almost all patients in both HFrEF and CAD groups
used drugs affecting their HR. In the RA group, only 26% of
participants used drugs affecting HR. In addition, patients with
HFrEF often endure chronotropic incompetence, which might
affect HR estimation by the algorithm analyzing the
photoplethysmography signal. The mechanism behind this in
cardiovascular patients is that photoplethysmography-based HR
measurement algorithms rely on detecting pulsatile blood
volume changes in the peripheral microvasculature, which are
often attenuated in these patients by reduced stroke volume and
peripheral vasoconstriction. This leads to lower signal amplitude
and distorted waveform morphology that can cause missed beats
or misidentified peaks [33]. Chronotropic incompetence further
narrows the dynamic range of HR changes, challenging
algorithms tuned to larger beat-to-beat interval variability [33].
Blunting of the systolic upstroke by β-blockers and other
rate-controlling medications alters the temporal features critical
for peak detection. Moreover, other conditions like valvular
heart disease or peripheral artery disease may similarly impair
photoplethysmography signal quality due to altered vascular
compliance or flow characteristics [34]. This stresses the need
for more patient-specific algorithms for assessing HR through
photoplethysmography signals. Potential pathways include
dynamic peak detection thresholds, signal quality indexing, or
machine-learning models trained on data from cardiovascular
populations. These models could be tailored based on known
patient characteristics (eg, presence of heart failure and
medication use) and integrated into device firmware [35].

Our findings demonstrate a statistically significant difference
in HR measurements between the PHB sensor and the OM in
both HFrEF and CAD groups. However, the mean difference
of approximately 3 bpm across the entire activity protocol is
relatively small, raising questions about the clinical relevance
of this discrepancy. Nonetheless, our data also demonstrates
that the bias in HR measurements increases with rising HR
values. This indicates that the measurement error becomes more
pronounced at higher intensities, potentially leading to clinically
meaningful discrepancies, particularly in contexts where the
PHB sensor is used to support clinical decision-making, such
as in RPM or cardiac telerehabilitation.

Our trial demonstrated that the PHB significantly underestimated
EE over the entire protocol for patients with CAD and RAs.
Gemini et al [20] conducted a systematic review examining
studies that investigated the accuracy and acceptability of
commercially available smartwatches. Of the 24 included

studies, 22 assessed PA using EE as the outcome measure.
Overall, all sensors demonstrated a MAPE of over 30%,
indicating poor accuracy across all devices for assessing EE.
The underestimation of EE by noninvasive sensors has also
been observed in other studies. This aligns with our findings.
All three groups showed an increase in underestimation with
increasing activity intensity. This is in contrast to the findings
from Herkert et al [18], who investigated 2 commercially
available activity trackers in patients with CAD and patients
with HFrEF. They observed an overestimation of EE over the
entire protocol and an increase in overestimation when the
activities intensify. This difference may possibly be explained
by the variation in algorithms used to estimate EE. An
alternative explanation for the underestimation of EE and its
increase with intensified activities possibly lies within the HR
sensor. Most algorithms for predicting EE in wrist-worn sensors
are based on HR and accelerometer measurements. During this
trial, we observed that the PHB significantly underestimated
HR in patients with HFrEF and patients with CAD. Since these
HR measurements are used to predict EE during these activities,
it is expected that the underestimation would also be reflected
in the EE prediction. Another explanation could be the
simulation of the use of walking aids, which restrict arm
movement in patients, by holding the handlebars of the treadmill.
This restriction leads to decreased accelerometer measurements,
resulting in a lower prediction of EE during those activities.

Responsiveness
The PHB was able to detect some changes in both walking and
cycling loads in patients with HFrEF and patients with CAD.
However, the responsiveness of the PHB in RAs was a lot better
compared to HFrEF and CAD groups. Research investigating
the responsiveness of wrist-worn devices is scarce, especially
in patients with cardiovascular disease; almost all trials focus
their research solely on accuracy. Responsiveness is an
important feature of smart devices for monitoring exercise
activities at home. Herkert et al [18] investigated the
responsiveness of 2 commercially available wrist-worn devices
in patients with HFrEF and patients with CAD. They concluded
that both sensors showed poor performance in detecting
within-patient changes in the low-to-moderate exercise intensity
domain. These findings are confirmed by our validation trial.
Even though the PHB showed better responsiveness, there is
still a lot of room for improvement, stressing the need for better
algorithms for detecting within-patient changes during exercises
for patients with cardiovascular disease.

Future Perspectives
Our study clearly shows that even measurements of medically
certified devices, using photoplethysmography and
accelerometer to assess HR and EE, should be interpreted with
caution for patients with cardiovascular disease. More studies
with patients with cardiovascular disease and noninvasive
sensors, using photoplethysmography and accelerometer, for
assessing HR and EE should be done to enhance algorithm
development. It is crucial that these trials extract raw
photoplethysmography and accelerometer signals for better
algorithm development. In addition, it is important that the
validation of these new algorithms is conducted using an activity
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protocol that reflects the patients’ daily lives, rather than solely
during exercise tests or rest measurements. Furthermore, future
validation studies should not only focus on accuracy but also
on the responsiveness of the sensors, as this is crucial for
detecting within-patient changes throughout the day. Finally,
to address existing barriers that hinder the usage of mHealth
solutions and to assist health care professionals in evaluating
the level of available evidence, a task force initiated by the
European Society of Cardiology regulatory affairs committee
formulated both general and specific criteria through a consensus
process. These criteria should be consulted before considering
the implementation of noninvasive devices in health care settings
to ensure patient safety [36].

Strengths and Limitations
A strength of this trial is that both patients with chronic
cardiovascular diseases and RAs are included. In the results,
there is a significant difference between the accuracy of the
PHB for RA and for patients with cardiovascular disease in both
accuracy and responsiveness. Stressing the need for algorithms
that take into account both the cardiovascular pathology of the
patients and medication usage. A limitation of this trial is the

fact that patients were tested in a laboratory setting, even though
the activity protocol consists of activities reflecting patients’
daily life. This means that the results might not be able to be
extrapolated to free-living conditions. In addition, a single
activity protocol per patient group has been used to maximize
the reproducibility of the study. Future validation trials could
consider personalizing activity protocols, as cardiac patients
show substantial variability in peak VO2 and anaerobic
threshold. Another limitation lies within the patient population.
The majority of patients were men, making it possible that these
results are not applicable to women.

Conclusion
HR and EE assessment of a medically certified noninvasive
sensor using a photoplethysmography and accelerometer showed
poor accuracy and moderate responsiveness during an activity
protocol reflecting daily living activities in chronic cardiac
patients (HFrEF and CAD). High accuracy was obtained for
HR in RA, while responsiveness was acceptable. This research
confirms previous research and stresses the need for better
patient-specific algorithms, taking cardiovascular pathology
and medication usage into account, for assessing HR and EE.
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In “Results of a Digital Multimodal Motivational and
Educational Program as Follow-Up Care for Former Cardiac
Rehabilitation Patients: Randomized Controlled Trial” (JMIR
Cardio 2024;8:e57960) the authors noted two errors.

In the Results section of the Abstract, the following sentence:

Positive effects on secondary outcomes like body
weight, blood pressure, and number of smokers only
showed time effects, indicating no difference between
the groups.

Has been revised to:

Secondary outcomes like the body weight and
cholesterol levels were significantly reduced in the
intervention group, also in comparison with the
control group.

In addition, the degree for author Maxi Pia Bretschneider was
removed as it was reported erroneously.

The correction will appear in the online version of the paper on
the JMIR Publications website, together with the publication
of this correction notice. Because this was made after submission
to PubMed, PubMed Central, and other full-text repositories,
the corrected article has also been resubmitted to those
repositories.
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Abstract

Background: Atrial fibrillation (AF) ablation is an effective treatment for reducing episodes and improving quality of life in
patients with AF. However, long-term AF-free rates after AF ablation are inconsistent across the population, ranging from 50%
to 75%. Patient selection relies on individual clinical assessment, highlighting a critical gap in population-level predictive analytics.
While existing risk scores (eg, CHADS₂ [congestive heart failure, hypertension, age ≥75 years, diabetes mellitus, and stroke],
CHA₂DS₂-VASc [congestive heart failure, hypertension, age ≥75 years, diabetes mellitus, stroke, vascular disease, age, and
sex category], CAAP-AF [coronary artery disease, left atrial diameter, age, AF, antiarrhythmic drugs, and female sex category])
have been applied to predict AF ablation outcomes, their performance in administrative claims data remains unclear. Leveraging
large administrative claims databases represents an opportunity to develop standardized, scalable prediction models that could
inform population health management and resource allocation at a national level.

Objective: This study utilizes machine learning (ML) models on claims data to explore if integrating International Classification
of Diseases (ICD) billing codes outperforms traditional stroke and AF risk scores in predicting 1-year AF ablation outcomes.

Methods: We analyzed claims data from the Merative MarketScan Research Medicare database (2013‐2020) to identify 14,521
patients who underwent AF ablation. To predict 1-year AF-free outcomes, we developed logistic regression and extreme gradient
boosting (XGBoost) models using demographic characteristics, comorbidity indices, and ICD diagnostic codes from the 2 years
preceding ablation. Model predictions were compared with claims-based implementations of established risk scores—CHADS2,
CHA2DS2-VASc, and a modified CAAP-AF (without left atrial diameter and the number of failed antiarrhythmic drugs). The
ML models were also assessed on subgroups of patients with paroxysmal AF, persistent AF, and both AF and atrial flutter from
October 2015 onward.

Results: Among 14,521 patients (mean age 71.5, SD 5.31 y; n=5800, 39.94% female), AF ablation success occurred in 54.01%
(n=7843). XGBoost achieved areas under the receiver operating characteristic curve (AUCs) of 0.528, 0.521, and 0.529 for the
whole, female, and male AF ablation groups, respectively, and better discrimination than CHADS2, CHA2DS2-VASc, and the
modified CAAP-AF in all AF ablation groups (whole population, female, and male). While CHA2DS2-VASc and the modified
CAAP-AF showed higher recall (>0.798), their precision (<0.540) was lower than XGBoost (0.552‐0.556). In subgroup analyses
of International Classification of Disease, Tenth Revision (ICD-10) patients (n=7646), the models incorporating ICD codes
demonstrated better performance than those using only demographic and comorbidity data across most AF subtypes, with the
highest AUC (0.544) observed in patients with paroxysmal AF.

Conclusions: While the ML models achieved statistically significant improvements over claim-based implementations of
established clinical risk scores (AUC 0.528‐0.544 vs 0.498‐0.505), the modest predictive performance highlights challenges
in predicting procedural outcomes using administrative data that lack key clinical variables (eg, left atrial size and medication
details). Our findings establish that while standardized outcome prediction using nationally available administrative data is
technically feasible, current performance is insufficient for clinical decision-making and better suited for health system quality
monitoring and comparative effectiveness research applications.

(JMIR Cardio 2025;9:e77380)   doi:10.2196/77380
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Introduction

Although there is currently no cure for atrial fibrillation (AF),
a major public health concern in the United States, AF ablation
is the most effective treatment to restore normal sinus rhythm
and decrease symptoms in episodes of paroxysmal or persistent
AF, thereby reducing AF burden and improving quality of life
[1-3]. AF is associated with an increased risk of cardiovascular
events that may affect treatment outcomes. While various
clinical risk factors are well understood, existing risk scores
have shown inconsistent effectiveness in predicting AF ablation
outcomes.

Existing risk scores, such as CHADS2 (congestive heart failure,
hypertension, age ≥75 years, diabetes mellitus, and stroke) and
CHA2DS2-VASc (congestive heart failure, hypertension, age
≥75 years, diabetes mellitus, stroke, vascular disease, age, and
sex category), have traditionally been applied to predict stroke
risk and are now also utilized in predicting outcomes following
COVID-19, heart surgery, and AF ablation [4-11]. One risk
prediction scale specifically designed to predict outcomes from
AF ablation, the CAAP-AF (coronary artery disease, left atrial
diameter, age, AF, antiarrhythmic drugs, and female sex
category) risk score, addresses the presence or absence of
coronary artery disease, the left atrial diameter, the presence of
persistent AF, the number of antiarrhythmic drugs that have
failed, and female sex [12].

Success rates for AF ablation from the literature vary based on
individual clinical variables, such as the type of AF, left atrial
size, or volume index [1,3,12,13], yet these variables are often
difficult to access in large electronic health record (EHR)
datasets. Patients can continue to experience episodes of AF
following initial AF ablation with long-term AF-free rates after
de novo AF ablation reported as 50%-75% [1,3,14].
Additionally, the chances of developing any complications after
AF ablation range around 6%, with 0.1%-0.9% of patients
experiencing complications that could result in death [15-17].
Given the modest success rates of AF ablation, the prediction
of outcomes could be personalized to more easily identify those
who would be most likely to benefit from AF ablation.

Machine learning (ML) has emerged as a powerful approach
that leverages increased computational power with large datasets
to help achieve complex decisions to guide clinical practice
[18]. Artificial intelligence and ML have been used in the field
of electrophysiology since the 1970s for automated
electrocardiogram interpretation [18,19]. More recently,
innovations in algorithms, development and labeling of large
databases, and improvements in hardware and software have
rapidly increased the role of ML in cardiac electrophysiology
and cardiovascular imaging to identify predictors of patient
outcomes [20]. Recent studies have demonstrated the potential
for ML approaches in cardiovascular medicine, from achieving
impressive diagnostic performance using novel data sources
such as mobile phone acoustics for heart failure detection [21]
to identifying practice gaps in stroke care guidelines [22] and

showing predictive accuracy across various cardiovascular
disease predictions [23]. ML has already been used to improve
the prediction of AF ablation outcomes, primarily via EHRs.
Nevertheless, health systems are not widely interoperable [24];
thus, extending these prognostic tools across multiple health
systems is both costly and challenging. Studies utilizing EHR
data have often been limited to datasets from 1 to 2 hospitals,
limiting the generalizability of the models and hindering broad
adoption [25,26].

Health insurance claims data, in comparison, are commonly
collected, more readily available, and usually collected on a
large national scale [27]. Although EHR data, which can include
medications, laboratory data, and radiology reports, are more
granular than claims data and can offer more accurate
predictions, claims data’s breadth and consistency across health
systems can potentially provide stronger external validity [28]
and more cost-effective scaling. A recent study applied ML
models on health insurance data for cardiovascular outcome
prediction and achieved area under the receiver operating
characteristic curve (AUC) of 0.68‐0.69 for heart failure
readmission prediction [29], illustrating the potential for
population-level insights using administrative databases. This
wider coverage across patient populations and care settings may
yield models that generalize more effectively, reducing the need
for labor-intensive data extraction and curation that often blocks
EHR-based projects. Furthermore, claims-based prognostic
models can be used to enhance health care resource allocation
by reducing unnecessary procedures in patients unlikely to
benefit and increasing access to this effective therapy for
appropriate candidates in resource-constrained regions. Thus,
claims-based prognostic models represent a promising avenue
for more accessible and large-scale prediction of AF ablation
outcomes.

In this study, we propose to develop ML-based predictive
models for outcomes of de novo AF ablation procedures using
national-level claims data in the United States. Our goal is to
evaluate an ML-derived risk prediction model for AF ablation
patient outcomes. We hypothesize that ML models will be
comparable to or exceed claim-based implementations of
existing AF risk scores with respect to predictive power.
Existing risk scores, including CHADS2 and CHA2DS2-VASc,
have achieved nontrivial improvements in predicting the
outcomes of AF procedures (AUCs of 0.785 and 0.830,
respectively, in a dataset consisting of 565 patients) [28]. Thus,
in this study, we utilize CHADS2 and CHA2DS2-VASc as a
baseline to compare with our ML approaches. In addition, we
also compare the performance between our ML models to a
claims-based approximation of the CAAP-AF (modified
CAAP-AF), a risk score specifically designed to predict AF
ablation outcomes [12]. We also characterize outcomes by AF
subtypes and sex and use different sets of parameters in the ML
models to understand the contribution of individual factors to
ML prediction performance.
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Methods

This research leveraged deidentified claims data sourced from
the Merative MarketScan Research Medicare Databases
(Merative, Inc.) between January 1, 2011, and December 31,
2021. MarketScan contains claims for individuals with Medicare
Supplemental and Medicare Advantage plans.

Patient Population
We analyzed Medicare claims data from January 1, 2011, to
December 31, 2021, to identify patients who underwent AF
ablation. Patients were included if they had a Current
Procedural Terminology (CPT) code for AF ablation (93656)
across either inpatient admission, inpatient services, and
outpatient services tables in MarketScan. To ensure the accurate
identification of AF ablation procedures, we required patients
to have both CPT and a concurrent diagnosis of AF
(International Classification of Diseases, Ninth Revision [ICD-9]
code of “427.31” or International Statistical Classification of
Diseases, Tenth Revision [ICD-10] code of “I48.X”). Each
patient’s medical history included all ICD codes from visits
within 2 years before the initial occurrence of AF ablation within
our dataset. While the 2-year lookback period captures baseline
characteristics, claims data do not allow definitive confirmation
that these represent truly de novo ablations, as patients may
have undergone prior ablations before their enrollment period
or outside the MarketScan database. Therefore, our cohort
represents the best approximation of first-time AF ablation
procedures available from administrative claims data.

We focused exclusively on Medicare beneficiaries for several
reasons. First, the MarketScan database maintains separate
patient identifiers for Medicare and commercial claims datasets,
preventing integration of these patients. Second, the typical age
for the first AF ablation is between 55 and 62 years [1,2,13],
which is commonly covered by Medicare. Moreover, the
substantial absence of postoperative outcomes for patients in
the commercial database rendered it unsuitable for this study.
The final cohort included 14,521 Medicare patients.

Outcome and Subgroup Definitions
Our study’s objective was to predict the binary outcome, success
or failure, of AF ablation using patient demographics and prior
medical history. Although the outpatient services table clearly
documents the operation date for AF ablation, the inpatient
admission and inpatient services tables only provide admission
and discharge dates. To integrate the information across the 3
tables, we designated the admission date from the inpatient
admission and inpatient services datasets as a surrogate for the
AF ablation operation date in our analysis to maintain temporal
coherence. Success was then defined as the absence of AF
recurrence or repeat AF ablation between 6 and 12 months after
the initial AF ablation procedure date, which is the standard
interval before repeating an AF ablation according to current
clinical practices [1,13]. To ensure the accurate identification
of successful cases, we verified that all patients had at least 1
clinical follow-up visit within the first year after ablation.

The study also employed subgroup analysis by stratifying
patients into 3 groups based on AF type: paroxysmal AF,

persistent AF, and AF with flutter. This analysis was only
possible after October 1, 2015, as ICD-10 codes provide more
detailed AF type distinctions compared to earlier ICD-9 codes.
We defined persistent AF as patients with ICD-10 codes I48.1,
I48.11, I48.19, I48.2, or I48.21. Note that this reflects current
changes in the terminology of types of AF as it combines
persistent AF and chronic AF. We defined paroxysmal AF as
patients with ICD-10 code of I48.0 or I48.20, and free of
persistent AF. AF with atrial flutter were patients with any atrial
flutter codes (ICD-10: I48.3 or I48.4).

Data Processing
We constructed a comprehensive 2-year historical patient
snapshot by linking records across the inpatient admission,
inpatient services, and outpatient services tables using unique
patient identifiers. For each patient, we extracted demographic
variables (age, sex, region, and industry) at the time of the index
ablation, along with the ablation date, failure date (if applicable),
and all ICD codes within the 2 years preceding the index
procedure. To standardize diagnostic codes across our study
period, we used the ICD-10 Lookup tool [30] to convert
post-October 2015 ICD-10 codes to their ICD-9 equivalents.
For computational efficiency and feature set manageability, we
truncated all ICD-9 codes to their first 3 digits, resulting in 785
ICD features and 19 demographic features. We used a binary
measurement to denote whether or not a patient had the specific
code within the 2 years prior to the initial ablation, thus avoiding
extensive missing data.

We also calculated 2 established indices, the Charlson
comorbidity index and the Elixhauser comorbidity index, to
capture patients’ comorbid conditions [31,32]. These indices
used a weighted system based on specific conditions to provide
a score, with higher values indicating more severe comorbidities.

For the subgroup analysis, we utilized three distinct datasets:
(1) all the simplified 3-digit ICD codes, demographic
information, and 2 established indices; (2) demographic data
and 2 established indices; and (3) solely demographic
information.

Modeling
We used 2 popular supervised ML classifiers: logistic regression
and extreme gradient boosting (XGBoost) [33]. Logistic
regression computes the probability of a binary outcome by
employing a logistic function (sigmoid curve) to transform the
linear combination of input features into probabilities. This
model is particularly advantageous due to its simplicity and
interpretability, especially in scenarios where the relationship
between input variables and the outcome is expected to be linear.
To tune the logistic regression model, we implemented grid
search with 5-fold stratified cross-validation AUC as the primary
evaluation metric. We explored regularization strengths (C
values) on a logarithmic scale (0.001, 0.01, 0.1, 1, 10, 100) to
address potential overfitting concerns. Both L1 (Lasso) and L2
(Ridge) regularization penalties were investigated to determine
the optimal feature selection. We evaluated multiple solvers
(“liblinear,” “lbfgs,” “newton-cg,” “sag,” “saga”) to identify
the most computationally efficient optimization algorithm.
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XGBoost represents a more sophisticated ML approach.
XGBoost constructs multiple decision trees in a sequential
manner, with each subsequent tree focusing on addressing the
errors made by its predecessors. This method does not
presuppose a linear relationship between input and output
variables, offering greater flexibility and efficacy in dealing
with larger and more intricate datasets. Despite its computational
intensity, XGBoost is celebrated for its high efficiency and
versatility, making it a potent tool in predictive modeling,
especially in situations where the complexity of the data
surpasses the capabilities of simpler models like logistic
regression [27]. To tune the XGBoost hyperparameters, we
implemented grid search with 5-fold stratified cross-validation
with AUC as the primary evaluation metric. We explored a
range of maximum depth values (3, 6, 9, 12, 15) to adequately
capture complex feature interactions while avoiding overfitting.
The learning rate varied across 0.01, 0.05, 0.1, and 0.2 to balance
convergence speed and model accuracy, while the number of
estimators was tested at 100, 200, 300, and 500 to determine
the optimal number of boosting rounds.

The CHADS2 and CHA2DS2-VASc risk scores have been widely
used to predict stroke risk in patients with AF [10,11,28].
CHADS2 is calculated using congestive heart failure,
hypertension, age ≥75 years, diabetes, stroke (doubled), while
CHA2DS2-VASc is computed using congestive heart failure,
hypertension, age ≥75 (doubled) years, diabetes, stroke
(doubled), vascular disease, age 65-74 years, and sex category
(female). These risk scores more recently have been used to
predict outcomes in patients with AF, heart failure, coronary
artery disease, and postoperative AF undergoing cardiovascular
surgical procedures [11,28]. CHADS2 and CHA2DS2-VASc
risk scores were shown to be useful predictors of adverse events
after AF ablation [10]. In addition to CHADS2 and
CHA2DS2-VASc, we also evaluated a modified CAAP-AF, a
risk score specifically designed to estimate the likelihood of
remaining AF-free after ablation [12]. Due to the limitations of
claims data, we only have information on coronary artery
disease, age, AF type (persistent or longstanding, available only
for patients after October 2015 using ICD-10), and sex. Left
atrial diameter and the number of failed antiarrhythmic drugs
are unavailable in MarketScan, which may impact our
CAAP-AF comparison.

Statistical Analysis
We compared patient characteristics between the groups using
the Student t test for continuous variables and chi-square tests
for categorical variables. Continuous variables were reported
as mean (SD), while categorical variables were expressed as
percentages.

We assessed the performance of the ML models and baseline
risk scores using 5 metrics: AUC, area under the precision recall
curve (AUPRC), precision, recall, and F1-score (the harmonic
mean of precision and recall). Optimal hyperparameters for the
ML models were first identified through 5-fold cross-validation
on the full dataset. To measure performance, we then employed
bootstrap resampling with 500 iterations. In each iteration, the
ML model was trained on a bootstrap sample (drawn with
replacement from the full dataset) using these optimal
hyperparameters and then evaluated on the out-of-bag
observations (samples not included in that bootstrap sample).
This procedure was used to generate performance distributions
and 95% CIs. Statistical significance was assessed using 1-tailed
paired t tests on the bootstrap distributions to test whether ML
outperformed the clinical scores (H : XGBoost≤clinical score).

Ethical Considerations
This study used commercially available data that have been
deidentified. As such, the study was deemed exempt by Emory
University Institutional Review Board.

Results

We leveraged the Merative MarketScan Research Medicare
Databases (Merative, Inc.) between January 1, 2011, and
December 31, 2021. To allow for a 2-year medical history and
1-year outcome assessment, the analytic cohort included patients
observed between January 1, 2013, and December 31, 2020.

The demographic and clinical profiles of the patients with AF
are detailed in Tables 1 and 2. Our study cohort consisted of
14,521 patients, with an average age of 71.5 years (SD 5.31).
Successful outcomes from AF ablation procedures were
observed in 54.01% (n=7843) of the patients. Female patients
constituted 39.94% (n=5800) of the study population. Clinically,
24.73% (n=3591) of the patients were diagnosed with
concomitant atrial flutter. As shown in Table 2, the Elixhauser
comorbidity index showed limited variance, with 92.89%
(n=13,488) of the patients in the “≥2” category. The precise
identification of patients with paroxysmal and persistent AF
was limited, relative to the total cohort, due to the use of ICD-9
instead of ICD-10 prior to October 2015. A total of 7646 patients
were identified using ICD-10 codes for AF ablation,
demonstrating a slightly reduced AF ablation success rate of
53.28% in comparison to the broader patient population. A
subset of 6983 patients was categorized as having paroxysmal
or persistent AF. Within this subset, 37.63% (n=2877) were
diagnosed with paroxysmal AF, while 53.70% (n=4106) had
persistent AF. The AF ablation success rates for paroxysmal
and persistent AF were 52.55% and 53.90%, respectively.
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Table . Baseline demographic characteristics of patients undergoing AFa ablation.b

P valueAF ablation failure (n=6678)AF ablation success
(n=7843)

Overall (N=14,521)Demographic variable

.6271.6 (5.34)71.5 (5.27)71.5 (5.31)Age (y), mean (SD)

.632682 (40.17)3118 (39.76)5800 (39.94)Female, n (%)

<.001Region, n (%)

.121246 (18.66)1544 (19.69)2790 (19.21)    Northeast

<.0012204 (33.00)2263 (28.85)4467 (30.76)    North Central

.132134 (31.96)2599 (33.14)4733 (32.59)    South

.0031033 (15.47)1360 (17.34)2393 (16.48)    West

.7461 (0.91)77 (0.98)138 (0.95)    Unknown

<.001Industry, n (%)

.301 (0.01)5 (0.06)6 (0.04)    Oil and gas extraction,
mining

<.0011527 (22.87)1486 (18.94)3013 (20.75)    Manufacturing, non-
durable goods

.91213 (3.19)254 (3.24)467 (3.21)    Manufacturing, durable
goods

.009761 (11.40)1007 (12.84)1768 (12.18)    Transportation, communi-
cation, utilities

.9520 (0.30)22 (0.28)42 (0.29)    Retail trade

.28290 (4.34)371 (4.73)661 (4.55)    Finance, insurance, real
estate

.0041387 (20.77)1479 (18.86)2866 (19.74)    Services

>.992 (0.03)2 (0.03)4 (0.03)    Agriculture, forestry,
fishing

.5613 (0.19)20 (0.26)33 (0.23)    Construction

.0517 (0.25)37 (0.47)54 (0.37)    Wholesale

<.0012447 (36.64)3160 (40.29)5607 (38.61)    Unknown

aAF: atrial fibrillation.
bIndustry is categorized based on the employer responsible for the claim payment, and regions follow the Census Bureau’s regional definitions.
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Table . Baseline clinical characteristics of patients in sample undergoing AFa ablation.b

P valueAF ablation failure
(n=6678), n (%)

AF ablation success
(n=7843), n (%)

Overall (N=14,521), n (%)Clinical variable

.29Charlson comorbidity index

.611996 (29.89)2375 (30.28)4371 (30.10)    0

.872018 (30.22)2277 (29.03)4295 (29.58)    1

.612664 (39.89)3191 (40.68)5855 (40.32)    ≥2

.45Elixhauser comorbidity index

>.9920 (0.30)24 (0.31)44 (0.30)    0

>.99474 (7.10)515 (6.57)989 (6.81)    1

>.996184 (92.60)7304 (93.13)13,488 (92.89)    ≥2

.381628 (24.38)1963 (25.03)3591 (24.73)Both atrial flutter and AF

(ICD-9c and ICD-10d)

.513572 (53.49)4074 (51.94)7646 (52.65)Patients with ICD-10

.331365 (38.21)1512 (37.11)2877 (37.63)Paroxysmal AF (ICD-10
only)

.261893 (53.00)2213 (54.32)4106 (53.70)Persistent AF (ICD-10 only)

.76314 (8.79)349 (8.57)663 (8.67)Unspecified AF

aAF: atrial fibrillation.
bThe paroxysmal and persistent AF only exists in the ICD-10 space, of which the overall ICD-10 population is 7646, success population is 4074, and
failure population is 3572.
cICD-9: International Classification of Diseases, Ninth Revision.
dICD-10: International Statistical Classification of Diseases, Tenth Revision.

Table 3 shows the comparative performance of XGBoost,
CHADS2, and CHA2DS₂-VASc of our entire study cohort.
XGBoost consistently outperformed logistic regression in all
analyses; therefore, only XGBoost results are presented for
brevity. The full comparison between XGBoost and logistic
regression is available in Multimedia Appendix 1. The XGBoost
model exhibited modest predictive capability with an AUC of

0.528 for the overall population. It performed slightly better in
male (AUC=0.529) than in female patients (AUC=0.521). The
model achieved balanced performance with an F1-score of 0.581
and recall of 0.608, indicating that it captures most positive
cases while maintaining reasonable precision at 0.556. Male
patients showed slightly higher recall (0.614) than female
patients (0.600).
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Table . Performance comparison between XGBoosta and CHADS2
b and CHA22DS22-VAScc risk scores stratified by sex.

CHA2DS2-VAScCHADS2XGBoostdMetric

Population (n=14,521)

0.4980.4980.528f (0.519‐0.533)    AUCe

0.5390.5360.562f (0.545‐0.578)    AUPRCg

0.6440.4360.581 (0.569‐0.594)    F1-score

0.5400.5330.556f (0.542‐0.570)    Precision

0.7990.3680.608 (0.585‐0.632)    Recall

Female (n=5800)

0.5000.4980.521f (0.510‐0.532)    AUC

0.5380.5360.558f (0.533‐0.582)    AUPRC

0.6980.4360.575 (0.556‐0.593)    F1-score

0.5380.5330.552f (0.530‐0.574)    Precision

0.9950.3680.600 (0.568‐0.632)    Recall

Male (n=8721)

0.4980.4980.529f (0.520‐0.539)    AUC

0.5410.5410.566f (0.546‐0.588)    AUPRC

0.5990.4100.585 (0.568‐0.601)    F1-score

0.5420.5380.559f (0.540‐0.578)    Precision

0.6690.3310.614 (0.582‐0.644)    Recall

aXGBoost: extreme gradient boosting.
bCHADS2: congestive heart failure, hypertension, age ≥75 years, diabetes mellitus, and stroke.
cCHA2DS2-VASc: congestive heart failure, hypertension, age ≥75 years, diabetes mellitus, stroke, vascular disease, age, and sex category.
dCell values for XGBoost report average and the 95% CI in parentheses.
eAUC: area under the receiver operating characteristic curve.
fP<.001 (XGBoost vs both clinical scores).
gAUPRC: area under the precision recall curve.

Despite its moderate predictive power, the XGBoost model
consistently outperformed both CHADS2 and CHA2DS₂-VASc
scores across all patient cohorts in terms of AUC and AUPRC.
Both risk scores (CHADS2 and CHA₂DS₂-VASc) performed
poorly with AUC values worse than random chance (<0.5)
except for CHA2DS2-VASc in the female subgroup (AUC=0.5).
CHADS2 had poor recall (0.368) and low F1-scores (0.436),
missing most positive cases. While CHA2DS2-VASc
demonstrated high recall (0.799), particularly in female patients
(0.995), the lower precision of 0.540 and AUC below 0.5
suggest that the score’s high sensitivity produces a higher false
positive rate.

Table 4 presents a comparative analysis of the XGBoost and
the modified CAAP-AF risk scores for the ICD-10 cohort.
XGBoost outperformed the modified CAAP-AF risk score with
an overall AUC of 0.544 and AUPRC of 0.567 and consistent
subgroup performance (female patients: AUC 0.543, AUPRC
0.569; male patients: AUC 0.545, AUPRC 0.567). In contrast,
the modified CAAP-AF risk score achieved an overall AUC of
0.505, rising slightly to 0.511 in male patients but performing
no better than random chance in female patients. While the
modified CAAP-AF risk score exhibited high recall (0.999),
capturing nearly all positive cases, it came at the cost of lower
precision (0.533). XGBoost achieved better precision (0.552),
albeit at a lower recall (0.793) and F1-score. All differences
between the models were statistically significant.
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Table . Performance comparison between XGBoosta (MLb model) and modified CAAP-AFc risk score stratified by sex.

Modified CAAP-AFXGBoostdMetric

ICD-10e population (n=7646)

0.5050.544g (0.535‐0.553)    AUCf

0.5370.567g (0.545‐0.590)    AUPRCh

0.695g0.651 (0.627‐0.672)    F1-score

0.5330.552g (0.535‐0.572)    Precision

0.999g0.793 (0.709‐0.867)    Recall

Female (n=3161)

0.5000.543g (0.516‐0.573)    AUC

0.5330.569g (0.533‐0.605)    AUPRC

0.694g0.645 (0.615‐0.672)    F1-score

0.5310.550g (0.519‐0.578)    Precision

1.000g0.783 (0.701‐0.864)    Recall

Male (n=4485)

0.5110.545g (0.522‐0.569)    AUC

0.5420.567g (0.540‐0.596)    AUPRC

0.696g0.655 (0.625‐0.678)    F1-score

0.5350.554g (0.533‐0.579)    Precision

0.999g0.801 (0.717‐0.875)    Recall

aXGBoost: extreme gradient boosting.
bML: machine learning.
cCAAP-AF: coronary artery disease, left atrial diameter, age, AF, antiarrhythmic drugs, and female sex category.
dCell values for XGBoost report average and the 95% CI in parentheses.
eICD-10: International Statistical Classification of Diseases, Tenth Revision.
fAUC: area under the receiver operating characteristic curve.
gP<.001 for comparison between XGBoost and modified CAAP-AF.
hAUPRC: area under the precision recall curve.

Table 5 presents the predictive model performance across atrial
arrhythmia subgroups: paroxysmal AF, persistent AF, and AF
with atrial flutter. A total of 3 feature sets were compared: ICD
codes with demographics and comorbidity indices,
demographics and comorbidity indices, and demographics only.
On the entire ICD-10 population, incorporating all the features

(ICD codes with demographics and comorbidity indices)
achieved the best performance across all 5 metrics when
compared to the other 2 feature sets, with AUC of 0.544,
AUPRC of 0.567, F1-score of 0.652, precision of 0.551, and
recall of 0.798.
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Table . Predictive performance by clinical and demographic predictors across atrial arrhythmia subgroups.a

Demographic only, average (95%
CI)

Demographic+comorbidity indices,
average (95% CI)

ICDb+demographic+comorbidity
indices, average (95% CI)

Metric

Paroxysmal AFc (n=2877)

0.532 (0.517‐0.547)0.520 (0.530‐0.558)0.538 (0.523‐0.553)    AUCd

0.547 (0.515‐0.582)0.564 (0.529‐0.595)0.557 (0.520‐0.596)    AUPRCe

0.645 (0.581‐0.680)0.596 (0.540‐0.639)0.563 (0.531‐0.593)    F1-score

0.541 (0.509‐0.570)0.548 (0.513‐0.582)0.551 (0.514‐0.585)    Precision

0.808 (0.620‐0.948)0.660 (0.525‐0.789)0.576 (0.520‐0.629)    Recall

Persistent AF (n=4106)

0.524 (0.510‐0.537)0.518 (0.504‐0.531)0.525 (0.512‐0.537)    AUC

0.557 (0.529‐0.586)0.552 (0.522‐0.582)0.561 (0.532‐0.592)    AUPRC

0.658 (0.612‐0.689)0.626 (0.586‐0.659)0.575 (0.550‐0.596)    F1-score

0.545 (0.520‐0.573)0.549 (0.522‐0.574)0.554 (0.525‐0.582)    Precision

0.834 (0.677‐0.947)0.731 (0.622‐0.821)0.598 (0.553‐0.641)    Recall

ICD-10f, with AF (n=1503)

0.517 (0.497‐0.537)0.514 (0.493‐0.535)0.528 (0.506‐0.549)    AUC

0.558 (0.513‐0.605)0.555 (0.512‐0.602)0.564 (0.516‐0.609)    AUPRC

0.611 (0.556‐0.655)0.607 (0.552‐0.655)0.600 (0.551‐0.644)    F1-score

0.693 (0.548‐0.823)0.547 (0.507‐0.589)0.556 (0.508‐0.601)    Precision

0.550 (0.509‐0.597)0.688 (0.552‐0.815)0.657 (0.551‐0.770)    Recall

ICD-10 population (n=7646)

0.536 (0.528‐0.545)0.533 (0.523‐0.542)0.544 (0.535‐0.553)    AUC

0.559 (0.536‐0.581)0.556 (0.532‐0.579)0.567 (0.545‐0.589)    AUPRC

0.645 (0.610‐0.672)0.621 (0.595‐0.645)0.652 (0.625‐0.672)    F1-score

0.548 (0.528‐0.570)0.550 (0.530‐0.570)0.551 (0.531‐0.573)    Precision

0.787 (0.681‐0.878)0.714 (0.644‐0.796)0.798 (0.713‐0.871)    Recall

aThis population only includes patients who had their first atrial fibrillation ablation in or after October 2015. Predictors include ICD codes of patients’
past medical history and demographic variables (region, sex, age, and industry).
bICD: International Classification of Diseases.
cAF: atrial fibrillation.
dAUC: area under the receiver operating characteristic curve.
eAUPRC: area under the precision recall curve.
fICD-10: International Statistical Classification of Diseases, Tenth Revision.

Within the atrial arrhythmia subgroups, models incorporating
all features consistently achieved the highest AUC and AUPRC
across all 3 subgroups. However, performance patterns for
F1-score and recall varied by subgroup. For paroxysmal AF and
persistent AF, the full model also achieved the highest precision
(0.551 and 0.554, respectively), but the models with
demographics only had better recall (0.808 and 0.834,
respectively) and F1-scores (0.645 and 0.658, respectively). For
AF with atrial flutter, the model with demographics only
achieved the highest F1-score (0.611) and precision (0.693),
whereas the model with demographics and comorbidity indices
achieved the highest recall (0.688).

Discussion

Principal Findings
In this study, we developed ML models that predict the
outcomes of de novo AF ablation procedures. Our XGBoost
model demonstrated statistically significant improved
performance compared to 3 different claim-based
implementations of clinical risk scores (CHADS2,
CHA2DS2-VASc, and a limited, modified CAAP-AF without
left atrial diameter and the number of failed antiarrhythmic
drugs) in all patient and sex subgroups in terms of AUC and
AUPRC. While the 2 risk scores achieved higher recall than
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XGBoost, they demonstrated lower precision and weaker
discrimination (near random chance). However, XGBoost’s
predictive ability for outcomes after AF ablation was found to
be lower in female patients than it was in male patients or in
the entire population. There was no difference in AUC when
comparing CHADS2 to CHA2DS2-VASc risk scores for
outcomes after AF ablation except for female patients, where
CHA2DS2-VASc performs better than CHADS2.

When comparing outcomes across different AF subtypes
(paroxysmal, persistent, or AF with atrial flutter), we observed
heterogeneous patterns in the value of adding ICD code features.
For persistent AF and AF with atrial flutter, the models
incorporating ICD code features demonstrated superior
discriminative power (AUC and AUPRC) compared to models
using either demographic or clinical variables alone or those
combined with comorbidity indices (Charlson comorbidity index
and the Elixhauser comorbidity index). However, in the
paroxysmal AF subgroup, the model using only demographics
and comorbidity indices slightly outperformed the full model
with ICD codes in terms of AUPRC but not AUC. Additionally,
models using demographics only consistently achieved higher
recall across all subgroups at the expense of lower precision
and overall discriminative performance (AUC and AUPRC),
revealing a trade-off between sensitivity and specificity in
feature selection. The use of these ML models may be useful
in clinical practice in patient selection for AF ablation in the
future.

Comparison to Prior Work
Claims data present challenges for outcome prediction, despite
being readily available. Previous clinical models for predicting
AF ablation success have reported an AUC ranging from 0.55
to 0.65, with only 3 models achieving an AUC of 0.75 [4,5,12].
In other studies, CHADS2 and CHA2DS2-VASc achieved an
AUC of 0.785 and 0.830, respectively, in predicting
complications after AF ablation [6]. However, in our study,
CHADS2 and CHA2DS2-VASc only achieved an AUC of
0.498‐0.5, performing almost worse than random guessing. It
is important to note that while CHADS2 and CHA2DS2-VASc
have been used for predicting procedural outcomes [4-6], they
were originally designed to estimate stroke risk rather than
ablation recurrence, and thus their lower performance in this
study potentially reflects use outside of the intended purpose
rather than a failure of the scores themselves.

The modified CAAP-AF reached AUC greater than 0.650 [12]
with the data from its original study, yet in our implementation,
it achieved no better than 0.511. However, the CAAP-AF score
used in our study was a modified, claims-based approximation
that excluded left atrial diameter and the number of failed
antiarrhythmic drugs, as these are not available in claims data.
Therefore, our comparison does not represent a true
head-to-head evaluation of the original CAAP-AF model, and
the ML model’s advantage should be interpreted with this
limitation in mind.

These findings highlight the significant difficulty in predicting
AF ablation success and failure using claims data, reflecting
broader challenges in health care outcome prediction where

administrative databases consistently underperform compared
to clinical models due to the absence of key physiological and
procedural variables, a pattern observed across multiple medical
specialties and intervention types [34,35]. In contrast, our ML
models achieved AUCs of 0.521‐0.529, showing marginal
improvement.

Despite the modest predictive performance of the ML models,
our claims-based approach has significant potential for
standardization across health care systems, as it relies on widely
used ICD and CPT coding systems rather than
institution-specific EHR implementations. However, adoption
barriers remain, including variations in coding practices across
institutions, the challenge of integrating predictive tools into
clinical workflows, and potential resistance from clinicians who
may prioritize clinical judgment over algorithmic
recommendations. Given the relatively low AUC values
observed, these models should be viewed as a foundational step
toward using claims data to predict the outcomes of AF ablation
procedures, rather than as tools ready for clinical deployment.

Beyond demonstrating that ML models outperform traditional
risk scores, we conducted an analysis to understand what types
of features should be included in the ML models across
clinically relevant AF subgroups. We evaluated three feature
sets: (1) demographic information alone; (2) demographics plus
comorbidity indices; and (3) the full features incorporating ICD
codes, demographics, and comorbidity indices. These were
tested across 3 clinically distinct subgroups (paroxysmal AF,
persistent AF, and AF with atrial flutter) identifiable only
through ICD-10 coding, yielding 16 unique ML models. Across
persistent AF and AF with atrial flutter subgroups, ML models
performed best when including ICD codes as features,
highlighting the importance of diagnostic coding data. Among
the 3 subgroups (paroxysmal AF, persistent AF, and patients
with atrial flutter), the ML models performed best for patients
with paroxysmal AF, and patients with persistent AF had the
least success. The entire ICD-10 population achieved the highest
overall AUC compared to other subgroups, which was likely
due to the larger sample size.

Future Directions
Our findings demonstrate that ML models using ICD codes to
estimate AF ablation procedural outcomes are robust and valid
across populations. However, the model’s current predictive
power in this study remains insufficient for clinical
decision-making. Improvement of outcome predictions for AF
ablation using ML has the potential for widespread use in
research and clinical practice to determine optimal patient
selection for AF ablation and the management of patients with
AF. Advances in artificial intelligence and ML technology have
an ability to rapidly analyze and synthesize innumerable
variables to predict outcomes of AF ablation and discover new
patterns of clinical variables that greatly surpass prior
conventional methods of gaging success. These findings will
be important to consider, as health care policymakers struggle
to allocate limited resources to as many patients as possible and
search for ways to improve patient outcomes. ML technologies
will play increasingly more important roles in medicine with
future advances as we better learn how to incorporate ML for
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better health care resource allocation as well as improvements
in clinical practice and patient outcomes.

Several specific clinical implementation scenarios could
leverage these predictive tools to enhance AF ablation care
delivery. An important deployment consideration is the metric
to optimize, as our findings revealed a trade-off between
precision and recall. For population health monitoring, quality
improvement initiatives, or patient counseling, high-recall
models may be preferred. Conversely, for resource allocation
decisions such as prioritizing ablation slots during periods of
limited procedure capacity, high-precision models would be
more appropriate to minimize false positives. Clinicians could
use model predictions to provide patients with more personalized
success probability estimates during shared decision-making
discussions, helping patients make more informed treatment
choices. Alternatively, these models could guide the
development of alternative treatment pathways or enhanced
monitoring protocols for patients with consistently lower
predicted success rates. Future research should focus on
developing implementation frameworks that appropriately
balance algorithmic predictions with clinical judgment and
metric selection based on clinical context while ensuring
equitable access to AF ablation across diverse patient
populations.

Limitations
First, our study relied exclusively on Medicare Advantage and
Medicare Supplemental claims, which skews the cohort toward
older patients. Although first ablations often occur between
ages 55‐62 years, our findings may not be generalizable to
younger populations with different comorbidity profiles and
procedural outcomes. The etiology and pathophysiology of AF
may differ between younger and older patients, which could
affect both the predictive variables and outcomes in ways that
our models may not capture. Future work should validate and
potentially recalibrate these models in younger and more diverse
populations to ensure broader clinical utility.

Second, as with all administrative data, coding errors and
inconsistencies are possible. We mitigated this by truncating
ICD codes into broader categories, incorporating 2 established
comorbidity indices (Charlson comorbidity index and the
Elixhauser comorbidity index), and requiring that all patients
had a documented AF diagnosis before ablation. Despite these
steps, misclassification could still reduce model performance.
Moreover, truncating ICD-9 codes to the first 3 digits may also
have reduced diagnostic specificity. This limitation may explain
our unexpected finding that the model using only demographics
and comorbidity indices slightly outperformed the full model
with ICD codes in the paroxysmal AF subgroup. The truncated
ICD codes may have introduced noise rather than signal for this
subgroup, particularly if patients with paroxysmal AF have less
diverse billing code profiles making the additional ICD code
features less informative. Future analysis may mitigate the issue
by integrating claims with richer data sources to cross-validate
the information.

Third, while we aimed to study de novo AF ablation procedures,
administrative claims data have inherent limitations in both
identifying first-time ablations and measuring their outcomes.

Although we identified the initial occurrence of AF ablation
within our dataset, we cannot definitively exclude patients who
may have undergone prior ablations before their enrollment in
the database or at facilities not captured in MarketScan.
Furthermore, our outcome definition may be subject to
misclassification as we are using billing codes as a proxy for
clinical recurrence. Asymptomatic or unrecorded recurrences
could be missed (falsely classified as success), while unrelated
visits coded with previous AF could be incorrectly classified
as failures. Additionally, patients with undetected prior ablations
may have different recurrence trajectories than true first-time
procedures, further complicating outcome assessment. AF
recurrence is best confirmed with secondary data sources such
as Holter monitoring or electrocardiogram data.

Fourth, claims data lack important clinical variables known to
influence AF ablation outcomes, such as left atrial size, ejection
fraction, specific antiarrhythmic medications, and procedural
details (catheter type, ablation strategy). This limitation likely
contributed to our models’ modest predictive performance
compared to clinical prediction models that incorporate these
variables. Additionally, the limited variance in the Elixhauser
comorbidity index, where 92.89% (n=13,488) of patients fell
into a single category (≥2), reduced its discriminative value and
may explain why adding comorbidity indices to demographic
variables resulted in minimal or slightly negative effects on
model performance in some subgroups. While we cannot address
this limitation within our study design, future research could
explore hybrid approaches that combine claims data with
targeted clinical data collection for key predictive variables.
However, we note this may limit the scalability and
standardization advantages that motivated our claims-based
approach.

Finally, given the proprietary nature of MarketScan data, direct
replication is constrained. To enhance transparency and
reproducibility, we documented our data source, inclusion and
exclusion criteria, billing codes, and potential confounders and
released the analytic code in a public GitHub repository to
facilitate replication [36]. This enables researchers with access
to similar claims databases to replicate our methodology, though
exact replication would require the same data source.

Conclusions
In this study, we developed and evaluated ML models using
MarketScan claims data to predict 1-year AF ablation outcomes.
Across the overall cohort and sex-stratified groups, ML models
modestly but consistently outperformed claim-based
implementations of established clinical risk scores. In the
ICD-10 subset, incorporating ICD diagnostic codes improved
performance relative to the models using only demographic and
comorbidity indices over most subgroups. Our findings
demonstrate the limitations of ML approaches when applied to
claims data that lack key clinical variables, such as left atrial
size, ejection fraction, and medication details. The modest
predictive performance indicates that current claims-based
models are insufficient for individual clinical decision-making.
Despite these constraints, our work establishes that standardized,
population-level outcome prediction using nationally available
administrative data is technically feasible, providing capability
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that could complement existing clinical tools for health system
quality monitoring and research applications. These results
contribute important insights into the potential and limitations

of claims-based prediction models for population-level analyses
and comparative effectiveness research.
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Abstract

Background: Patient education and self-management support are critical for atrial fibrillation (AF) management. Conversational
artificial intelligence (AI) has the potential to provide interactive and personalized support, but has not been evaluated in patients
with AF.

Objective: This study aimed to evaluate the feasibility of a conversational AI intervention to support patients with AF
postdischarge.

Methods: This was a single-blinded, 4:1-parallel–randomized controlled trial with process evaluation of feasibility and
engagement. The primary outcome was the change in Atrial Fibrillation Effect on Quality-of-Life (AFEQT) questionnaire total
score between groups. Patients with AF (18 y and older) were recruited postdischarge from Westmead Hospital cardiology services
and randomized to receive either the intervention or usual care. The 6-month intervention consisted of fully automated conversational
AI phone calls (with speech recognition and natural language processing) that regularly assessed patient health and symptoms
and provided self-management support and education. These phone calls were supplemented with an online survey (sent via text
message or email) containing replicated call content when participants could not be reached after 3 call attempts. If participant
responses were concerning (eg, poor overall health, low medication confidence, and high symptom burden), they would be
followed up with an ad hoc phone call and directed to clinical care if required. A semipersonalized education website was also
available as part of the intervention, and participants were encouraged weekly (nudges delivered via text messages or emails) to
visit it.

Results: A total of 103 patients (mean age, 63.7 y, SD 11.2 y; n=72, 70% male) were randomized (82 to the intervention); the
target sample size was 385. The difference in the AFEQT total score was nonsignificant (adjusted mean difference 2.08, 95% CI
−7.79 to 11.96; P=.46). An exploratory prepost comparison revealed an improvement in total AFEQT score in the intervention
group only (baseline: 69.9, 95% CI 64.4 to 75.5; 6 months: 79.9, 95% CI 74.9 to 84.8; P=.01). Participants completed 4 of 7
outreaches on average, and 88.4% (304/344) of completed outreaches were reported as useful.

Conclusions: This proof-of-concept study demonstrates the feasibility of conversational AI in supporting patients with chronic
conditions postdischarge. Intervention participants had improvement in their atrial fibrillation quality of life, though the forced
shortening of the evaluation was unable to demonstrate a significant difference between groups.

Trial Registration: Australian New Zealand Clinical Trials Registry ACTRN12621000174886;
https://www.anzctr.org.au/Trial/Registration/TrialReview.aspx?ACTRN=12621000174886

International Registered Report Identifier (IRRID): RR2-10.2196/34470

(JMIR Cardio 2025;9:e64326)   doi:10.2196/64326

KEYWORDS

atrial fibrillation; quality of life; natural language processing; self-management; digital health; randomized controlled trial;
conversational artificial intelligence; feasibility; phone calls
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Introduction

The increase in atrial fibrillation (AF) prevalence is a global
public health concern. AF presents the health system with
various challenges: its rapidly increasing patient population [1],
the multifaceted care required to manage patients and prevent
outcomes of stroke and mortality [2], and the significant costs
associated with hospitalizations [3]. Guidelines suggest a
digitally enabled integrated approach to AF management,
involving a multidisciplinary team to provide patient-centered
care and support patient self-management (eg, lifestyle behavior
change and medication adherence) [2].

Existing trials of digital interventions to support AF
self-management have found mixed results, with some evidence
of improvements in quality of life (QoL), knowledge, medication
adherence, and clinical outcomes (composite outcome
comprising stroke or thromboembolism, all-cause death, and
rehospitalization) compared to usual care [4-6]. Most digital
interventions for patients with AF have primarily been delivered
through mobile apps, and many have reported low user
engagement [7-9].

Conversational technologies now offer interactive ways of
providing education and self-management support to patients
[10]. These technologies can simulate human conversations
through text or speech in an accessible and personalized manner,
with users reporting high satisfaction. Recent voice-based
conversational technologies leverage artificial intelligence (AI;
including speech recognition and natural language processing)
to facilitate more engaging and human-like dialogues [11,12].
There is limited literature available on the efficacy of
conversation-AI interventions, and no studies have been
conducted in an AF population [11-14].

The aim of this proof-of-concept randomized controlled trial
(RCT) was to evaluate an intervention comprising conversational
AI automated phone calls, text messages, and emails, and an
educational website to better support patients with self-managing
their AF [15]. The Coordinating Health Care With Artificial
Intelligence–Supported Technology for Patients With Atrial
Fibrillation (CHAT-AF) trial assessed the impact of this
conversational AI intervention on Atrial Fibrillation Specific
Quality of Life (AF-QoL), as well as evaluated its feasibility
(engagement and perceived usefulness).

Methods

Study Design
CHAT-AF was a single-blinded parallel RCT, with a 4:1
allocation chosen to optimize process evaluation [15]. Trial
registration with the Australian and New Zealand Clinical Trials
Registry was submitted on November 25, 2020, but COVID-19
delays led to the trial only being registered on February 18,
2021 (85 d post initial submission; ACTRN12621000174886),
and at this time, there were 22 participants enrolled.

Patient Population
Participants were recruited from inpatient and outpatient
cardiology services at Westmead Hospital. English-speaking

adult patients with documented AF who had a mobile phone
were eligible. Pregnant women and those participating in another
clinical trial focused on providing AF education were excluded.
Original plans to conduct a multicenter trial did not proceed
after news of the acquisition of the technology partner by
another organization (details below).

Randomization and Masking
Randomization was 4:1 (intervention: control), stratified by sex,
in blocks of 5. The allocation sequence was incorporated into
REDCap (Research Electronic Data Capture; Vanderbilt
University) [16] with access groups enabled, where data analysts
were blinded. Participants, care providers, and research
assistants were not blinded. Participants were randomized to
receive usual care or the conversational AI intervention.

Study Procedures
All participants completed study assessments via electronic
surveys at baseline (in hospital or sent a link via text messages
or email), 3-, and 6-months (via a link sent by text message or
email). Baseline demographics and medical history were
collected by participant self-report or by electronic medical
records review (Multimedia Appendix 1). Questionnaires to
assess primary and secondary outcomes were also completed
electronically, either in person (baseline—during initial hospital
visit) or sent via text message or email (3- and 6-month
follow-up).

Ethical Considerations
The human and research ethics committee at Western Sydney
Local Health District (2020/ETH02546) approved this study.
Informed consent, either written or over-the-phone consent, was
obtained from all study participants. Data were collected and
stored on secure servers accessible to approved study personnel
only. Minimal participant data were provided to the technology
partner via a secure file transfer protocol to enable delivery of
the intervention phone calls, text messages, and emails. All data
were deidentified for data analysis and publication. No
compensation was offered to participants.

Intervention (AF-Support)
The CHAT-AF intervention design and development have been
previously described in detail elsewhere [15]. In summary, it
consisted of 7 outreaches (“digital visits”) and a
semipersonalized education website, which was available as
part of the 6-month digital intervention (Multimedia Appendix
1). The technology in the intervention was provided by HMS
(Health Management Systems, Inc).

The outreaches were delivered via fully automated
conversational AI phone calls (with speech recognition and
natural language processing capabilities) and supplemented
with an online survey (a personalized link sent via text message
or email) when participants could not be reached after 3 call
attempts. Two main components underpinned the conversational
AI in the automated calls [17]: (1) a speech recognition engine
that recognized voice responses and translated them into text,
and (2) natural language processing that identified the semantic
and syntactic elements from user utterances, progressing the
flow of the call depending on patient answers, in a decision tree
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format. Given the proprietary nature of the software and the
acquisition of the technology partner by another company, we
were unable to obtain details about the network architecture,
speech recognition, natural language processing capabilities,
and other aspects related to the AI models in this intervention.
During the phone calls, patients received AF education (eg,
lifestyle information on diet and physical activity, importance
of general practitioner [GP] follow-up, medication adherence,
alcohol intake, blood pressure control, stroke, sleep apnea, and
AF procedures) and were required to verbally respond to risk
assessment queries (eg, overall health status, GP follow-up, AF
symptoms and impact on daily life, medication confidence, and
adherence). Certain patient responses to risk assessment
questions would trigger alerts leading to an escalation pathway
with clinician support, where needed. For example, if patients
reported poor overall health status or significant impact of AF
symptoms on daily life, these alerts would be actioned within
24 to 48 hours through a phone call by the researcher and
additional clinical follow-up if required.

The 7 digital outreaches were also accompanied by weekly text
messages or emails (depending on preferences) to a personalized
link to an educational website that was tailored based on baseline
characteristics (smoking status, alcohol consumption,
hypertension diagnosis, and anticoagulant or warfarin
prescription). This website contained AF-related information
in the form of videos, texts, and images, as well as external links
to online resources from reputable sources (eg, Heart Foundation
and National Prescribing Service).

Modified Delivery of Intervention and Premature
Study Stopping
At the end of July 2021, we stopped recruitment as the delivery
of the intervention was interrupted due to unforeseeable
circumstances involving the acquisition of the technology
partner by another organization. The trial steering committee
made a decision to continue the trial to ensure the full 6-month
program was delivered to all enrolled participants, by enabling
feasible delivery of intervention content through text messages
and emails. The technology partner had notified the research
team in advance, allowing for the opportunity to develop an
alternative approach and pre-emptively notify participants of
the change. Further, comprehensive reports on each participant’s
intervention completion status were made available, which
allowed for a more seamless transition period. At this point, 82
intervention participants were recruited, and of these, 20 had
received all outreaches, with the remaining 62 being at differing
stages of the intervention timeline. All participants had received
at least 2 of 7 outreaches via the automated calls before
premature study completion. The survey (delivered via
REDCap) contained replicated content and questions as asked
in the phone calls but required participants to click their
responses. The hope had been to find another technology partner
that could deliver the intervention according to our
specifications, but we were unable to do this, and limited by
the remaining budget, we stopped the study to report findings.
These changes were planned, reviewed, and approved by the
trial steering committee. This trial is reported according to the
CONSERVE (CONSORT [Consolidated Standards of Reporting
Trials] and SPIRIT [Standard Protocol Items: Recommendations

for Interventional Trials] Extension for RCTs Revised in
Extenuating Circumstances) statement [18].

Outcomes
The primary outcome was change in AF-QoL assessed as Atrial
Fibrillation Effect on Quality-of-Life (AFEQT) [19] total score
at 6 months. AFEQT total score (0‐100) is an average of
subscales (symptom, daily activity, or treatment), with higher
scores indicating better QoL.

Secondary outcomes included AFEQT subscales, AF knowledge
[20], patient activation [21], patient assessment of care quality
and self-management support [22], self-reported lifestyle
behaviors, medication adherence (days of missed doses in
prescription medications over the past week), health care service
use (GP or cardiologist visits, emergency department
presentation or hospitalization, and ablation or cardioversion
procedure), and health outcomes (stroke or myocardial
infarction). All outcomes were assessed at baseline and 6
months; AF-QoL (AFEQT) was also assessed at 3 months. A
detailed list of outcomes, methods, and time of data collection
is provided online (Multimedia Appendix 1).

Process evaluation outcomes for the intervention group included:
outreach completion and perceived usefulness, and individual
engagement (Multimedia Appendix 1). Outreach completion
was calculated as the number of outreaches with at least half of
the questions answered divided by the number of participants
that received the outreach. Outreach perceived usefulness was
defined as the number of individuals who answered, “yes” to
the question “Did you find the information in this call/survey
helpful?” and was divided by the number of participants who
attempted the outreach (answered at least 1 question). Individual
engagement was calculated as the number of outreaches
completed by the participant and categorized, where 4 or more
completed outreaches (of 7) were considered as “higher
engagement.” Metrics for engagement with the educational
website were also explored.

Statistical Analysis
A sample size of 385 was required to detect a between-group
difference of 7 in the total score of the AFEQT questionnaire
with 80% power (α=.05; SD=19), accounting for a dropout rate
of 10% [19,23]. The current study was limited in detecting
differences in primary outcome as we were only able to recruit
27% (103 participants) of the intended sample size.

Analyses were prespecified in a statistical analysis plan
(Multimedia Appendix 2 [15,19-22,24]) and were conducted
according to intention-to-treat principles. Analyses were
performed using R statistical software (version 4.1.2; R Project
for Statistical Computing). Outcomes were analyzed using either
ANCOVA or logistic regression, adjusting for baseline variables.
All tests were 2-tailed, a P value of <.05 was considered
significant, and odds ratios were reported with 95% CIs.
Normally distributed continuous variables were expressed as
mean and SD. Nonnormally distributed variables were expressed
as the median and IQR.

A univariate logistic regression analysis to predict higher
engagement was conducted with covariates of age, gender,
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ethnicity, education, type of AF, time since AF diagnosis, and
CHA2DS2-VASC score (congestive heart failure, hypertension,
age 75 y and older [2 points], diabetes, stroke [2 points],
vascular disease, aged 65 to 74 years, and sex category [female];
calculated as a sum, where 1-point or 2-points [where indicated]
is given when aforementioned characteristics are present) [24].

Results

Sample Characteristics
Between January and July 2021, we enrolled 103 participants
(82 intervention and 21 control; Figure 1). We lost 16

intervention participants and 3 controls to follow-up (18.4%),
and the primary outcome analysis included 66 intervention
participants and 19 controls. The follow-up period was from
July 2021 to April 2022. Mean age was 63.7 (SD 11.2) years
and 69.9% were males (Table 1). The majority were
nonuniversity graduates (75.5%), of non-Caucasian ethnicity
(24.5%), and had paroxysmal AF (76.7%). Detailed
characteristics are provided online (Multimedia Appendix 1).

Figure 1. Flowchart of participants included in the CHAT-AF randomized controlled trial. CHAT-AF: Coordinating Health Care With Artificial
Intelligence–Supported Technology for Patients With Atrial Fibrillation.
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Table . Participant baseline characteristics (N=103).

Total (n=103)Intervention (n=82)Control (n=21)

63.7 (11.2)63.8 (11.0)63.0 (12.1)Agea (years), mean (SD)

31.4 (6.5)31.6 (6.8)30.9 (5.1)BMIa (kg/m3), mean (SD)

Sexa, n (%)

72 (69.9)58 (70.7)14 (66.7)Male

31 (30.1)24 (29.3)7 (33.3)Female

Blood pressurea (mm Hg), mean (SD)

131.8 (17.8)132.1 (18.0)130.7 (17.2)Systolic

77.8 (13.6)77.6 (13.4)78.8 (14.6)Diastolic

Ethnicity, n (%)

25 (24.5)21 (25.9)4 (19)Non-Caucasian

Education, n (%)

77 (75.5)64 (79)13 (61.9)Nonuniversity graduate

Annual household income in AUS $b, n (%)

13 (19.1)9 (16.7)4 (28.6)0-31,199

23 (33.8)20 (37)3 (21.4)31,200-77,999

32 (47.1)25 (46.3)7 (50)78,000+

Smoking status, n (%)

47 (47.5)39 (50)8 (38.1)Never smoked

7 (7.1)7 (9)0 (0)Current smoker

45 (45.5)32 (41)13 (61.9)Ex-smoker

Type of AFac (most recent), n (%)

79 (76.7)64 (78)15 (71.4)Paroxysmal

22 (21.4)17 (20.7)5 (23.8)Persistent

1 (1)0 (0)1 (4.8)Permanent

1 (1)1 (1.2)0 (0)Unspecified

Time since initial AF diagnosis (years), n (%)

57 (57.6)44 (56.4)13 (61.9)<5

42 (42.4)34 (43.6)8 (38.1)≥5

Medical historya, n (%)

66 (64.1)54 (65.9)12 (57.1)Hypertension

49 (47.6)39 (47.6)10 (47.6)Hyperlipidemia

30 (29.1)23 (28)7 (33.3)Heart failure

32 (31.1)24 (29.3)8 (38.1)Vascular disease

8 (7.8)6 (7.3)2 (9.5)Stroke

20 (19.4)15 (18.3)5 (23.8)Diabetes type 2

39 (37.9)33 (40.2)6 (28.6)Obstructive sleep apnea

2.6 (1.7)2.5 (1.6)2.7 (2.2)CHA2DS2-VASCd score, mean (SD)

Medicationsa, n (%)

77 (74.8)63 (76.8)14 (66.7)Antiarrhythmic

83 (80.6)68 (82.9)15 (71.4)Anticoagulation
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Total (n=103)Intervention (n=82)Control (n=21)

58 (56.3)46 (56.1)12 (57.1)Statin

19 (18.4)16 (19.5)3 (14.3)Angiotensin-converting en-
zyme inhibitor

32 (31.1)28 (34.1)4 (19)Angiotensin receptor block-
er

18 (17.5)13 (15.9)5 (23.8)Calcium channel blocker

8 (7.8)7 (8.5)1 (4.8)Neprilysin inhibitor

aInformation collected by clinical investigators from the electronic medical record.
bThe average conversion rate during the study was AUS $1=US $0.73.
cAF: atrial fibrillation.
dCHA2DS2-VASC: congestive heart failure, hypertension, age 75 years and older (doubled), diabetes, stroke (doubled), vascular disease, aged 65 to
74 years, and sex category (female).

Primary and Secondary Outcomes
No significant difference was observed between groups in the
primary outcome of AFEQT total score (2.08, 95% CI −7.79
to 11.96; P=.46; Figure 2 and Table 2). There were 18.4%
missing primary outcome data at 6 months; however, we found

no evidence for differences in missingness based on age
(grouped by 65 y or older), gender, or ethnicity (grouped by
Caucasian or non-Caucasian). Prespecified sensitivity analyses
were conducted; both imputation of 3-month AFEQT total score
carried forward and baseline imputation revealed similar results
to the primary analysis.

Figure 2. Box plot of AFEQT total and subscale scores. AFEQT scores for intervention (n=66) and control (n=18) groups at B and 6M. Total AFEQT
score is an average of symptoms, activity, and treatment subscales (does not include satisfaction). * Significant difference of prepost Wilcoxon 2-tailed
t test. AFEQT: Atrial Fibrillation Effect on Quality-of-Life; B: baseline; 6M: 6 months.
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Table . Primary outcome—AFEQTa.

InterventionControlAFEQT

P valuebDifference,
mean (95%
CI)

Change, mean
(95% CI)

Follow-up,
mean (SD;
n=66)

Baseline,
mean (SD;
n=78)

Change, mean
(95% CI)

Follow-up,
mean (SD;
n=18)

Baseline,
mean (SD;
n=21)

.462.08 (−7.79 to
11.96)

7.1 (2.9 to
11.3)

79.9 (20.5)69.9 (25.0)5.0 (−6.1 to
6.0)

74.9 (22.7)70.3 (17.0)Total score

.69−1.14 (−14.43
to 12.15)

5.8 (0.5 to
11.1)

83.1 (19.2)74.3 (26.8)6.9 (−9.8 to
23.6)

79.9 (20.9)72.0 (29.1)Symptom

.355.92 (−6.59 to
18.44)

7.2 (1.3 to
13.1)

75.0 (26.6)65.6 (30.6)1.3 (−9.1 to
11.6)

70.6 (27.2)69.4 (21.9)Activity

.54−0.90 (−11.85
to 10.05)

7.7 (3.5 to
12.0)

84.3 (20.3)72.7 (26.0)8.6 (−5.7 to
23.0)

77.5 (24.5)70.2 (24.4)Treatment

.690.88 (−14.05
to 15.82)

2.3 (−4.3 to
8.9)

80.1 (24.1)76.7 (25.6)1.4 (−13.9 to
16.7)

76.9 (24.0)76.6 (21.8)Satisfaction

aAFEQT: Atrial Fibrillation Effect on Quality-of-Life.
bAdjusted analysis consisted of an analysis of covariance test, adjusting for baseline level to estimate the difference between groups at 6 months. Atrial
Fibrillation Effect on Quality-of-Life questionnaire scores range from 0‐100 (higher scores associated with better health-related quality of life). The
total Atrial Fibrillation Effect on Quality-of-Life score is an average of all subscales (total score, symptom, activity, and treatment), excluding satisfaction.

No difference was observed between groups in the change in
AFEQT subscale scores (Figure 2, Table 2). Additional
exploratory analyses revealed an improvement in AFEQT total
score postintervention in the intervention group (baseline: 69.9,
95% CI 64.4 to 75.5; 6-months: 79.9, 95% CI 74.9 to 84.8;
P=.01), with no improvements in the control group (Figure 2).
Within-group differences revealed the intervention group
improved in most AFEQT subscales postintervention (symptom,
daily activity, treatment, P values<.05), with no improvements
seen in the control group (Figure 2, Table 2). No significant
differences were observed in AFEQT total and subscale scores
from baseline to 3 months between groups (Multimedia
Appendix 1).

No significant differences were observed in secondary outcomes
of knowledge (AF knowledge), patient activation (Patient
Activation Measure), patient assessment of care quality and
self-management (Patient Assessment of Chronic Illness Care),
or lifestyle behaviors (exercise, fruit and vegetable intake,
alcohol intake, and smoking) at 6 months (Multimedia Appendix
1). No significant difference was observed between groups in
the proportion that were adherent to medications, visited a GP
or cardiologist, visited the emergency department, or were
hospitalized and had an AF procedure (Multimedia Appendix
1). A total of 3% of intervention participants had a stroke or
myocardial infarct in the previous 6 months compared to no
controls (Multimedia Appendix 1).

Process Evaluation
A total of 338 of 550 outreaches were delivered via the
conversational AI calls, and of these, 226 (66.9%) were
completed (original delivery; Multimedia Appendix 1). The
remaining 212 outreaches were delivered only by a survey tool,
and of these, 112 (52.8%) were completed (modified delivery).
The completion rate of the first outreach was 75.6% (62 calls
and 0 surveys), and this dropped to 47.4% (8 calls and 29
surveys) by the final outreach, with an average completion rate
across the 7 outreaches of 61.5% (Figure 3). On average, each
participant completed 4.12 of 7 outreaches. A total of 51
participants (62.2%) had higher engagement (completed 4 or
more outreaches), and there were no demographic variables
influencing this outcome (age, gender, ethnicity, education, type
of AF, time since AF diagnosis, and CHA2DS2-VASC). Most
participants (56.1%) visited the educational website at least
once, and the mean number of visits was 5.54 times. The most
visited topic was general information about AF (138 visits),
which included videos narrated by a local cardiologist. In terms
of perceived usefulness, 88.4% of completed outreach was
reported as useful (Figure 3) and this was similar in the original
(89.1%) and the modified delivery (87.6%). Detailed process
evaluation results are provided online (Multimedia Appendix
1).
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Figure 3. CHAT-AF intervention (A) outreaches completion and (B) perceived usefulness. Outreaches 1 to 7 occurred at 24‐48 hours, 2 weeks, 1
month, 2 months, 3 months, 4 months, and 5 months posthospital discharge, respectively. CHAT-AF: Coordinating Health Care With Artificial
Intelligence–Supported Technology for Patients With Atrial Fibrillation.

Discussion

Principal Results
The CHAT-AF study provides a proof-of-concept with initial
data on the efficacy of a novel digital health follow-up strategy
for patients with AF that leverages conversational AI. On
average, participants completed 4 of 7 outreaches, and 88.4%
of completed outreaches were reported as useful, suggesting
this approach to delivering care is feasible and could enable
chronic disease services to follow up with patients at scale with
fewer in-person and staffed visits. Due to challenges with the
technology partner acquisition, this study had only recruited
27% of its intended sample size and was subsequently
underpowered for its primary outcome. The trial did not
demonstrate a significant difference in the primary outcome
between intervention and control; however, there was a benefit
suggested by an exploratory prepost comparison that showed
overall AF-QoL improved at 6 months in the intervention group
from baseline, with no similar improvement observed in the
control group.

Comparison With Prior Work
Digital support programs show promise in improving QoL for
patients with AF, but more robust studies are needed to
determine effectiveness. Despite this study’s limited power to
determine efficacy, other trials have reported improvements in
AF-QoL, knowledge, medication adherence, and clinical
outcomes, with similar digital health interventions (without
conversational AI) that delivered a combination of health

education, monitoring, and self-management support for patients
with AF [4-6,25]. However, the paucity of literature in this
space has been confined to mobile apps [4,6,25-27], text
messaging [26,28], and web-based platforms [5,8,9], many of
which have reported limited engagement. The current
intervention was unique in its approach to interactively engage
with patients through conversational technology. A comparable
study by Guhl et al 2020 [4] involved an embodied
conversational agent that consisted of a virtual avatar displaying
verbal and nonverbal gestures to deliver education and heart
rhythm monitoring support to patients with AF [4]. Participants
interacted with the conversational agent 18 times over 30 days
and had improved medication adherence and AF-QoL compared
with usual care [4]. Notably, this intervention did not include
an AI component and required users to respond to queries by
clicking on prespecified options in the mobile app, rather than
using speech recognition technology, which was used in
CHAT-AF to facilitate more natural dialogue and better
engagement.

AI-enabled conversational technologies allow for more
human-like interactions and have shown promise in other
populations. Existing trials of conversational AI have
demonstrated improvements in insulin adherence and glycemic
control in patients with type 2 diabetes [12], medication
adherence in patients with hypertension and diabetes [11], and
symptoms of depression and anxiety in college students [13,14].
These studies reported good engagement over a 2-week period,
where college students exchanged 283 messages with a chatbot
[14], and undertook 12 check-ins with another chatbot [13]

JMIR Cardio 2025 | vol. 9 | e64326 | p.717https://cardio.jmir.org/2025/1/e64326
(page number not for citation purposes)

Trivedi et alJMIR CARDIO

XSL•FO
RenderX

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


regarding their mental health. Another study that used a
voice-based conversational AI interface, resembling the phone
calls in the current intervention, found patients with type 2
diabetes logged daily insulin use and fasting blood glucose
levels almost every day for about 4 months [12]. Similar to the
phone call–based delivery mode used in the current study,
another study delivered cognitive behavioral therapy for pain
management using voice-based conversational-AI phone calls
and reported that 87.8% of calls were completed [29]. In our
study, the transition from phone call to solely survey-based
delivery may have resulted in completion rates (67%) lower
than reported in the aforementioned study. Overall, evidence
suggests conversational AI technologies can successfully engage
and support patients with chronic disease management, but
additional studies are needed to evaluate long-term engagement.

The deeper level of human-technology interaction allowed by
conversational AI seems a key factor in achieving higher user
engagement [12-14,30-32]. The unplanned change in
intervention delivery in the current study offered an important
opportunity to compare engagement between different
communication modes. Interestingly, the shift from
conversational AI phone calls to surveys resulted in a drop in
overall outreach completion rates (from 66.9% to 52.8%). A
hypothesized explanation may be the stronger appeal of the
human-like interactions provided by these technologies and
their ability to facilitate natural dialogues with users. This is in
line with existing work indicating the possibility of a relationship
between humans and nonhuman agents in the context of health
[12-14]. As digital health interventions increasingly incorporate
elements that make them interactive, adaptive, persuasive, and
personalized, they become more able to reproduce elements of
a therapeutic relationship and can better engage and support
patients in their health journey [33].

The early stopping of the trial due to suspended delivery of the
intervention by the technology partner posed challenges that
are important to consider. For the trial steering committee, it
was key that enrolled participants received the entirety of the
6-month program, to satisfy the duty of care for enrolled patients
as well as to ensure fidelity in delivery of all educational content
in the program. The decision to use REDCap [16] surveys when
the automated phone calls had to be stopped offered a
satisfactory solution to these concerns and also provided the
opportunity to observe feasibility measures such as engagement
and perceived usefulness rates between these 2 modes of
delivery while the other elements were unchanged [30,31]. An
attenuating factor for early stopping was that the trial steering
committee was forewarned of when the company was going to
withdraw services, and that allowed for adequate time to develop
an alternative solution and streamline the transition for
participants. Other articles have reported early trial stopping
due to technology partner withdrawal of services [34]. Open
communication and goal alignment have been proposed as key
to achieving solutions that can benefit all parties involved and
bridge the gap in “academia-industry” relationships [35,36].
Stronger partnership between sectors is increasingly needed as
collaboration between technological, research, and clinical
expertise is paramount to successfully implement digital health
solutions.

Implications
The growing prevalence of cardiovascular diseases such as AF,
which require ongoing management to prevent frequent
hospitalization, puts a significant toll on health care resources.
Interventions such as CHAT-AF have the potential to provide
support at scale, with a risk management system that allows
patients at risk of deteriorating to be identified, prioritized, and
managed appropriately. Using phone calls to provide patient
support has advantages over other mobile technologies (eg, apps
and wearable devices) as it is not dependent on internet
connectivity, phone models, or operating systems. Digital
interventions such as CHAT-AF could be used to provide
support to patients with AF in the community, including remote
and rural areas where patients have traditionally had poorer
access to health care services [37]. As demonstrated in this
proof-of-concept study, the engagement, perceived usefulness,
and initial suggestive findings of AF-QoL improvement argue
that this technology should be further examined in larger RCTs.

Limitations
This study has several limitations that need to be considered.
This study was limited in not achieving its target sample size
and multicenter reach due to premature study completion, and
therefore, careful consideration needs to be made when
interpreting the results as this study was underpowered. This
also meant some participants on the intervention arm were
unable to complete their conversational AI “visits” later into
the planned follow-up period, which is likely to have contributed
to the ability to evaluate the effectiveness of the intervention
on outcomes. The authors are in the process of conducting a
large multicenter RCT evaluation of an optimized version of
the current intervention, to address the power, sample size, and
interpretation limitations of this study (registered with the
Australian and New Zealand Clinical Trials Registry,
ACTRN12623000850673). Moreover, except for baseline
characteristics (medical history), all outcome data were
self-reported. There was a difference in attrition between the
intervention (16/82) and control (3/21) groups, which may have
impacted the primary analysis, and while there was no evidence
of bias for missingness, caution needs to be taken in
interpretation due to the limitations in lack of power and changes
in intervention delivery. This study’s population was younger
(mean age of 63.7 y) than the average patients with AF
population in Australia (mean age of 75 y) [38], which may
have occurred due to the higher likelihood of younger patients’
comfort and interest in participating in technology-based
research [35]. Perceived usefulness was assessed as the final
question of each outreach and therefore results are based on
individuals that completed the particular outreach and its final
question—this may not be reflective of overall intervention
usefulness, as it does not reflect outreaches not completed by
participants (344 of 550 outreaches were completed by
participants and were rated in terms of their perceived
usefulness, of these, 304 of the 344, 88.4%, were assessed
positively based on usefulness). However, to capture the
perspectives of a diverse group of the intervention cohort, we
conducted qualitative interviews using purposive sampling
techniques to ensure we captured the experiences of those with
varying levels of engagement [38,39]. Furthermore, the study
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was delivered in English and included predominately Caucasian
participants, highlighting the need for further work to validate
this technology in larger trials with more diverse and
representative patient populations.

Conclusions
This study found that a conversational AI follow-up program
for patients with AF improved AF-QoL postintervention (but

not compared with usual care). As the burden of AF continues
to grow, novel technologies that can interact with patients and
support them in their care journey will be needed, and digital
health can provide this at a scalable level. However, larger-scale
RCTs and implementation studies are needed to determine the
effectiveness of conversational AI in improving AF outcomes.
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Abstract

Background: Atrial fibrillation (AF) is a prevalent arrhythmia associated with significant morbidity and mortality. Despite
advancements in ablation techniques, predicting recurrence of AF remains a challenge, necessitating reliable models to identify
patients at risk of relapse. Traditional scoring systems often lack applicability in diverse clinical settings and may not incorporate
the latest evidence-based factors influencing AF outcomes. This study aims to develop an explainable artificial intelligence model
using Bayesian networks to predict AF relapse postablation, leveraging on easily obtainable clinical variables.

Objective: This study aims to investigate the effectiveness of Bayesian networks as a predictive tool for AF relapse following
a percutaneous pulmonary vein isolation (PVI) procedure. The objectives include evaluating the model’s performance using
various clinical predictors, assessing its adaptability to incorporate new risk factors, and determining its potential to enhance
clinical decision-making in the management of AF.

Methods: This study analyzed data from 480 patients with symptomatic drug-refractory AF who underwent percutaneous PVI.
To predict AF relapse following the procedure, an explainable artificial intelligence model based on Bayesian networks was
developed. The model used a variable number of clinical predictors, including age, sex, smoking status, preablation AF type, left
atrial volume, epicardial fat, obstructive sleep apnea, and BMI. The predictive performance of the model was evaluated using
the area under the receiver operating characteristic curve (AUC-ROC) metrics across different configurations of predictors (5,
6, and 7 variables). Validation was conducted through four distinct sampling techniques to ensure robustness and reliability of
the predictions.

Results: The Bayesian network model demonstrated promising predictive performance for AF relapse. Using 5 predictors (age,
sex, smoking, preablation AF type, and obstructive sleep apnea), the model achieved an AUC-ROC of 0.661 (95% CI 0.603‐0.718).
Incorporating additional predictors improved performance, with a 6-predictor model (adding BMI) achieving an AUC-ROC of
0.703 (95% CI 0.652‐0.753) and a 7-predictor model (adding left atrial volume and epicardial fat) achieving an AUC-ROC of
0.752 (95% CI 0.701‐0.800). These results indicate that the model can effectively estimate the risk of AF relapse using readily
available clinical variables. Notably, the model maintained acceptable diagnostic accuracy even in scenarios where some predictive
features were missing, highlighting its adaptability and potential use in real-world clinical settings.

Conclusions: The developed Bayesian network model provides a reliable and interpretable tool for predicting AF relapse in
patients undergoing percutaneous PVI. By using easily accessible clinical variables, presenting acceptable diagnostic accuracy,
and showing adaptability to incorporate new medical knowledge over time, the model demonstrates a flexibility and robustness
that makes it suitable for real-world clinical scenarios.

(JMIR Cardio 2025;9:e59380)   doi:10.2196/59380
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Introduction

Atrial fibrillation (AF), the most common sustained cardiac
arrhythmia [1], poses significant challenges in the clinical
management and prediction of disease progression. Currently,
the ATLAS score [2] provides a reliable risk estimate to predict
the rate of AF recurrence after a pulmonary vein isolation (PVI)
procedure. However, it suffers from typical limitations of
clinical scores, such as the use of a fixed number of independent
variables for the prediction of a single dependent variable, its
static nature, and its inability to be adjusted as new knowledge
becomes available. All these issues can be addressed by artificial
intelligence (AI) models based on machine learning algorithms,
which can learn from available data, be quickly updated with
new data, and perform complex calculations in a short time.

In recent years, such machine learning techniques have emerged
as powerful tools in various medical domains, including
cardiology [3,4]. There have been some recent successful
attempts to develop AI models to predict the recurrence of AF
after ablation procedure. However, despite the good performance
of those models, they either lack the explainability required to
allow their acceptance by health care professionals [5,6], or
share the same limitations of medical scores discussed above
[7]. In fact, although many physicians have recognized that AI
models may be useful both for diagnosis and prognosis in
medical practice, many authors raise legitimate questions about
the lack of explainability of some AI models [8,9].

Bayesian networks, despite being still poorly adopted in health
care, have gained popularity as clinical decision support models
in medicine due to their ability to handle complex problems
with causal dependencies, integrate both data and domain
knowledge, provide an interpretable graphical structure, and
support both diagnostic and prognostic reasoning [10]. In
addition, these models can be updated with new medical
knowledge, enabling the incorporation of novel risk factors and
advancements in the field of arrhythmology. This adaptability
and scalability make Bayesian networks a promising tool for
decision-making in medicine and long-term monitoring of
patients with AF.

This study aims to address key research gaps in the prediction
of AF relapse by developing a more reliable and adaptable
predictive model based on Bayesian networks. Traditional
medical scoring systems are limited by their reliance on a fixed
set of independent variables, which reduces their generalizability
across diverse patient populations. In addition, many existing
AI models for AF prediction lack the necessary explainability
required to foster trust and acceptance among health care
professionals. To bridge these gaps, this study makes several
significant contributions. First, it introduces a novel explainable
AI model based on Bayesian networks, which allows for the
calculation of conditional probabilities tailored to individual
patient profiles, thus enhancing both the interpretability of the
predictions and their clinical acceptance. Second, the study
overcomes the limitations of traditional scoring systems by
offering a dynamic and adaptable model that can incorporate
new risk factors and learn from evolving patient data, thereby
improving predictive accuracy over time. Third, the proposed

model demonstrates flexibility and robustness, making it suitable
for real-world clinical scenarios where incomplete data may be
present. Finally, by integrating this model into clinical decision
support systems, the study has the potential to enhance
decision-making processes and improve patient outcomes in
the management of AF. In this work, we investigate the use of
Bayesian networks to predict AF relapse before a percutaneous
PVI procedure and evaluate its potential as a valuable clinical
tool, with the primary aim of improving clinical decision-making
and patient care.

Methods

Study Population
All consecutive patients with symptomatic drug-refractory AF
undergoing cardiac computed tomography (CT) before
percutaneous PVI at Hospital Santa Cruz (Carnaxide, Portugal)
between November 2015 and July 2019 were included in an
observational registry used for this retrospective study. Patients
with moderate or severe valvular heart disease, left atrial
thrombus, abnormal thyroid function, or contraindication to
anticoagulation were excluded. Baseline demographic and
clinical characteristics, including age, sex, height, weight, and
presence of hypertension, diabetes, smoking, and known
coronary artery disease, were recorded for all patients. AF was
categorized as paroxysmal if it self-terminated in less than 7
days, persistent if episodes lasted ≥7 days or required
cardioversion, or long-standing persistent if AF was maintained
for more than 12 months.

PVI Protocol
PVI was guided by electroanatomical mapping, using either
NavX (St Jude Medical) or CARTO (Biosense Webster)
systems. The right femoral vein was used as the preferred
vascular access, through which three catheter electrodes were
introduced: (1) a decapolar catheter, advanced through the
coronary sinus; (2) a variable circular mapping catheter, placed
in the pulmonary veins (PVs); and (3) an irrigated contact
force-sensing ablation catheter. Left atrial access was established
by a transseptal puncture. Radiofrequency ablation was
performed more than 5 mm from the PV ostia, with continuous
lesions enclosing the left and right pairs of PVs. The treatment
was considered successful if complete electrophysiological PVI
was achieved. When required, electrical cardioversion was
performed at the end of the procedure. Oral anticoagulation was
resumed 6 hours after the ablation, maintained for 6 months,
and then withdrawn or continued according to CHA2DS2-VASc
criteria. Generally, class I/III antiarrhythmic drugs were
maintained in all patients for the first 3 months after the
procedure and then withdrawn if there was no AF recurrence.
A proton pump inhibitor was also prescribed for the first month
after the ablation.

Study End Point and Patient Follow-Up
The study end point was AF recurrence, defined as symptomatic
or documented AF or other atrial arrhythmias, after a 3-month
blanking period. Symptomatic AF was defined as the presence
of symptoms considered to be likely due to AF episodes.
Documented AF was defined by the presence of at least one
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episode of AF lasting more than 30 seconds in an ECG, 24-hour
Holter monitoring, or event-loop recording. The follow-up
protocol comprised outpatient visits with 12-lead ECG and
24-hour Holter monitoring at the assistant physicians’discretion
(typically at 6 and 12 months, and yearly thereafter). Patients
were encouraged to contact the department if they experienced
symptoms of AF recurrence. Whenever clinical records were
insufficient, a structured telephonic interview was conducted.
Patients who were kept on antiarrhythmic drugs after the third
month of follow-up were not considered as failed ablation.

Population Characteristics
The analyzed sample comprised demographic and clinical data
from 480 patients who underwent follow-up after the PVI
procedure described above. The cohort included 295 (61.5%)
men and 185 (38.5%) women, with a mean age of 61.1 (SD
11.5) years. The median duration of the follow-up time of the
patients was 392 (IQR 150‐674) days. For the purpose of this
study, all numeric variables in the dataset (including age, BMI,
left atrial volume, and epicardial fat) were discretized into
classes. Data characterization is shown in Table 1.

Table . Demographic and clinical characteristics of the patients included in the study.

AF-free (n=314), n (%)AFa relapse (n=166), n (%)Total (N=480), n (%)Characteristics

Sex

130 (41.4)55 (33.1)185 (38.5)Female

184 (58.6)111 (66.9)295 (61.5)Male

Age (years)

48 (15.3)9 (5.4)57 (11.9)≤45

150 (47.8)84 (50.6)234 (48.8)46‐65

116 (36.9)73 (44)189 (39.4)+65

10 (3.2)15 (9)25 (5.2)Alcoholism

78 (24.8)57 (34.3)135 (28.1)Smoking

30 (9.6)16 (9.6)46 (9.6)Diabetes

187 (59.6)105 (63.3)292 (60.8)High blood pressure

15 (4.8)35 (21.1)50 (10.4)Obstructive sleep apnea

BMI

116 (36.9)35 (21.1)151 (31.5)Normal weight

144 (45.9)74 (44.6)218 (45.4)Overweight

54 (17.2)57 (34.3)111 (23.1)Obese

Atrial fibrillation

276 (87.9)98 (59)374 (77.9)Paroxysmal

38 (12.1)68 (41)106 (22.1)Persistent

Left atrium volumeb (ml/m2)

129 (41.1)39 (23.5)168 (35)[0 to 100]

116 (36.9)56 (33.7)172 (35.8)(100 to 125]

69 (22)71 (42.8)140 (29.2)(125 to inf)

Epicardial fatb (cm3)

144 (45.9)18 (10.8)162 (33.8)[0 to 2.7]

118 (37.6)48 (28.9)166 (34.6)(2.7 to 4.6]

52 (16.6)100 (60.2)152 (31.7)(4.6 to inf)

aAF: atrial fibrillation.
bSquare brackets indicate that the end point is included in the range, and parentheses indicate that the end point is not included in the range.

The variable preablation AF type represents the type of AF
identified in each patient before the ablation procedure, being
coded either as paroxysmal or persistent. The variable sex is
categorized as binary (female or male). All other binary
variables such as alcoholism, smoking, diabetes, high blood

pressure, and obstructive sleep apnea, were coded as logical
(true or false), indicating the presence or absence of that
condition.

The variable AF relapse represents the identification of
postprocedural AF relapse in patients during follow-up
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examinations, also coded as logical (true or false). It was
targeted as the outcome variable for this study.

Bayesian Network Model Training

Network Structure
Considering that Bayesian networks are probabilistic graphical
models made to represent knowledge, we started by building
our network structure primarily based on medical knowledge
in this field. In a first step, we opted to include (whitelist) some
of the most noteworthy known clinical relationships between
features, such as (1) known risk factors for diseases expressed
in the dataset, namely diabetes, high blood pressure (HBP), and
obstructive sleep apnea (OSA); and (2) known predictive
features of AF relapse, such as the ATLAS score features (age,
sex, smoking, persistent AF and left atrial volume), as well as
epicardial fat [11,12] and OSA [13,14], as suggested by recent
medical literature.

In the second step, we explored additional potential relationships
between features that could improve model fit and better explain
the observed data through data-driven inference. To achieve
this, we applied a score-based structure learning method, using
the Bayesian Information Criterion (BIC) [15] as the scoring
metric to be optimized. The optimization of the BIC score was
performed using a hill-climbing algorithm [16]. This approach
allowed us to learn the remaining structure of the network,
resulting in a model that aligns with current medical knowledge
while effectively capturing the relationships between the
variables.

Model Fitting
After the network structure was defined, a model could be set
to learn the conditional probabilities among all related features.
The parameters of the Bayesian network were thus fit given the
previously learned structure and the available data, by means
of a Bayesian posterior estimator with a uniform before. With
the model fitted in this fashion, it was now possible to use the
model to compute the estimated probability that a given patient
has AF relapse given her clinical characteristics, for example,
the model can be asked “based on the available data, what is
the probability that a patient has AF relapse knowing that she
is female,+65 years old and non-smoking.” Further examples
of computed conditional probabilities for AF relapse based on
patients’ conditions are presented in the Results section.

Model Validation
Model validation was executed by out-of-sample testing to
assess the predictive performance of the model on unseen data,
as follows: from the full dataset, a random sample was taken to

be used as training data for the model. This sample was used
to train a conditional probabilities model, as previously
described. Following that, the remaining observations that were
not included in the training set were used as a test set, upon
which the model predictions were tested. For this testing step,
we used the model to compute the conditional probability of
AF relapse for each patient in the test set, and stored the
prediction results for each tested observation. This process was
cyclically repeated multiple times until each observation had
been used for testing at least 30 times. Finally, the calculated
probability of AF relapse for each patient was assumed to be
the average of all estimated probabilities for that patient. We
then compared the average predicted probability with the true
observation of AF relapse for each patient, and measured the
performance through the area under the receiver operating
characteristic curve (AUC-ROC).

Regarding the sampling process at the beginning of each cycle,
it is worth mentioning that the random samples for training the
model were obtained through one of four different sampling
processes: (1) bootstrapping, which on average uses 63.2% of
the observations for training, or (2) hold-out, using fixed
splitting ratios for the train and test of 80:20, (3) 90:10, and (4)
95:5, that is, with 80%, 90%, and 95% of the observations,
respectively, being used for training the model, and the
remaining proportion used for testing. With these processes,
we aimed to assess the model’s ability to generalize for unknown
data and achieve a good estimator for the generalization error.

This analysis was carried out using R (version 4.2.2; R
Foundation for Statistical Computing) [17], with packages
bnlearn [18] and pROC [19].

Ethical Considerations
This study adheres to the ethical guidelines of the Declaration
of Helsinki, including its later amendments. It has been approved
by the Health Ethics Commission of the Western Lisbon
Hospital Center, with the approval number 2117. All patients
provided written informed consent before this study for both
the procedure and the publication of any relevant data. Patient
confidentiality was maintained by removing any personally
identifiable information from all data used in this study and its
supplementary materials.

Results

Bayesian Network Structure
The Bayesian network structure defined by expert knowledge
and inference from data is represented in Figure 1.
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Figure 1. Bayesian network structure with nodes (boxes) representing the analyzed demographic and clinical variables. Grey nodes represent diseases
with known associated risk factors, namely diabetes, high blood pressure, and obstructive sleep apnea. Beige nodes represent the 5 atrial fibrillation
(AF) relapse predictors used by the ATLAS score, namely age, sex, smoking status, preablation AF type, and left atrial volume. The blue node highlights
AF relapse as the outcome variable. The arcs (arrows) represent the direction of influence of variables. Grey arcs represent manually input relationships
deriving from medical knowledge, ie, known risk factors. Orange colored arcs represent relationships discovered by the artificial intelligence algorithm,
suggesting other meaningful relationships between variables.

As noted in this representation, the model suggests relationships
that were not initially declared, such as BMI→Epicardial fat,
OSA→preablation AF type, and preablation AF type→Left
atrial volume. Furthermore, sex appears to be related to active
smoking, alcoholism, and BMI. All these relationships are not
surprising and are even supported by the current medical

literature, thus providing a reasonable representation of clinical
knowledge in this field. Regarding the outcome variable AF
relapse, the model did not find any other relevant relations apart
from those previously whitelisted.

An alternative representation of this network is exhibited in
Figure 2, showing relative frequencies per class at each node.

JMIR Cardio 2025 | vol. 9 | e59380 | p.727https://cardio.jmir.org/2025/1/e59380
(page number not for citation purposes)

Alves et alJMIR CARDIO

XSL•FO
RenderX

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


Figure 2. Bayesian network structure with node-specific tables displaying relative frequencies per class at each node. AF: atrial fibrillation.

Conditional Probability Calculation
With each trained model, we calculated the conditional
probability of AF relapse for each patient in the test set,
considering their reported clinical conditions. These probabilities
were compared with the true values of AF relapse for each
patient and plotted in a receiver operating characteristic (ROC)
curve, with cutoff values for classification determined as those

that maximize the Youden J statistic. We tested in turns 7, 5,
or 6 predictive features, as explained in the sections to follow.
For illustration purposes, Table 2 presents a few examples of
different combinations of patients’ conditions and their
calculated conditional probability of AF relapse. These
calculations were conducted for hypothetical patients, while
considering as predictors all 7 parent nodes of AF relapse as
represented in the network structure.
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Table . Conditional probabilities of atrial fibrillation (AF) relapse for a sample of different combinations of hypothetical patients’conditions. Conditions
are sorted from the most unlikely to experience AF relapse to the most likely to experience that outcome.

Conditional
probability

of AF relapse, %
(95% CI)

OSAbEpicardial fata

(cm3)

Persistent AFSmoking activeLeft atrium vol-

umea (ml/m2)

Age (years)Sex

7.5 (1.8-13.2)False[0 to 2.7]ParoxysmalFalse[0 to 100]≤45Male

10.1 (6.3-13.8)False[0 to 2.7]ParoxysmalFalse(100 to 125]46‐65Male

16.8 (7.4-26.1)False[0 to 2.7]ParoxysmalFalse[0 to 100]≤45Female

20.1 (14.3-26)False(2.7 to 4.6]ParoxysmalFalse(125 to inf)46‐65Male

25.2 (17.3-33.1)False(2.7 to 4.6]ParoxysmalTrue(100 to 125]+65Male

33.2 (18.4-47.9)False[0 to 2.7]PersistentTrue(100 to 125]46‐65Male

33.3 (16.4-50.3)True(4.6 to inf)ParoxysmalFalse(100 to 125]46‐65Male

33.3 (25.2-41.5)False(2.7 to 4.6]ParoxysmalFalse(125 to inf)+65Male

40.1 (34-46.2)False(2.7 to 4.6]ParoxysmalFalse[0 to 100]46‐65Female

50 (41.4-58.6)False(4.6 to inf)ParoxysmalTrue[0 to 100]46‐65Male

50.1 (35.7-64.5)False(4.6 to inf)ParoxysmalFalse(100 to 125]≤45Female

66.3 (57.4-75.1)False(4.6 to inf)ParoxysmalTrue(100 to 125]46‐65Male

66.4 (53.8-78.9)False(4.6 to inf)PersistentFalse(125 to inf)+65Female

66.4 (52.6-80.2)False(4.6 to inf)PersistentFalse(100 to 125]+65Male

66.5 (59.9-73.1)False(4.6 to inf)ParoxysmalFalse(100 to 125]46‐65Female

71.5 (63.8-79.2)False(4.6 to inf)ParoxysmalFalse(125 to inf)+65Male

74.8 (63.3-86.4)False(4.6 to inf)PersistentFalse(125 to inf)+65Male

74.9 (58.4-91.4)True(4.6 to inf)PersistentTrue(125 to inf)46‐65Male

aSquare brackets indicate that the end point is included in the range, and parentheses indicate that the end point is not included in the range.
bOSA: obstructive sleep apnea.

The 7 Predictors
In the first stage, the calculation considered the clinical state of
the patients for the 7 parent nodes of AF relapse represented in
the network structure: age, sex, smoking, preablation AF type,
left atrial volume, epicardial fat, and OSA. The performance of

the model in classifying AF relapse with all parent nodes (7
predictors) was calculated to an average area under the curve
(AUC) value of 0.752 (95% CI 0.701‐0.800) for all sampling
methods. ROC curves for each validation test are shown in
Figure 3.
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Figure 3. Receiver operating characteristic curves for all validation sampling methods applied to the model with 7 predictors: age, sex, smoking,
preablation AF type, left atrial volume, epicardial fat, and obstructive sleep apnea. AUC values averaged 0.752 (95% CI 0.701‐0.800). AUC: area
under the curve.

The 5 Predictors
Out of the 7 predictive features used in the previous test, 2 are
usually difficult to obtain: left atrial volume and epicardial fat.
These 2 features are typically calculated by diagnostic imaging,
which is not always performed for all patients. In some cases,
the physician does not have access to those measurements,
which frustrates the calculation of medical scores that require
any of those values, as is the case with the ATLAS score.

The purpose of this test was to evaluate the performance of the
model without these 2 features, thus simulating a frequent

real-life scenario. As such, we calculated the conditional
probability of AF relapse for each patient in the test set,
considering only 5 of its parent nodes: age, sex, smoking,
preablation AF type, and OSA. The remaining 2 parent nodes
(left atrial volume and epicardial fat) were disregarded from
evidence to calculate conditional probabilities.

The performance of the model for classifying AF relapse with
these 5 predictors was as expectably lower than with 7
predictors, with a calculated AUC average of 0.661 (95% CI
0.603‐0.718) for all sampling methods. ROC curves for each
validation test are shown in Figure 4.
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Figure 4. Receiver operating characteristic curves for all validation sampling methods applied to the model with 5 predictors: age, sex, smoking,
preablation atrial fibrillation type, and obstructive sleep apnea. AUC values averaged 0.661 (95% CI 0.603‐0.718). AUC: area under the curve.

The 6 Predictors
The predictive performance with only the previous 5 predictors
appears to be slightly more than average. However, it can be
observed from the defined Bayesian network structure (Figure
1) that the epicardial fat node has BMI as its single parent,
meaning that the latter directly influences the former. As such,
the lack of information on epicardial fat for a given patient can
be partially compensated by its information on the BMI value.
This poses an interesting possibility, especially when observed
that BMI is usually an available or easy to obtain feature for
any patient.

The rationale for this test was therefore to gauge the predictive
power of a model when using the 5 predictors in the previous
experience, plus the information on the BMI node. All these 6

features—age, sex, smoking, preablation AF type, OSA, and
BMI—are usually easily available clinical variables for
physicians’ evaluation, which do not require the use of
additional complex or expensive diagnostic means. Therefore,
this setting simulates the predictive power of the model in a
likely real-life scenario.

For this test, we calculated the conditional probability of AF
relapse for each patient in the test set, considering evidence on
age, sex, smoking, preablation AF type, OSA, and BMI. Any
information on left atrial volume and epicardial fat was ignored
for this purpose.

The performance of the model for classifying AF relapse with
these 6 predictors resulted in a computed AUC average of 0.703
(95% CI 0.652‐0.753) for all sampling methods. ROC curves
for each validation test are shown in Figure 5.
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Figure 5. Receiver operating characteristic curves for all validation sampling methods applied to the model with 6 predictors: age, sex, smoking,
preablation atrial fibrillation type, obstructive sleep apnea, and BMI. AUC values averaged 0.703 (95% CI 0.652‐0.753). AUC: area under the curve.

Table 3 presents a comparative analysis of the three models
developed using 5, 6, and 7 predictors, respectively. As shown,
the AUC-ROC progressively increases with the addition of

predictors, indicating improved model performance.
Furthermore, the 95% CI narrows as the number of predictors
increases, suggesting greater precision in the model’s estimates.

Table . Comparative analysis of model performance based on the number of predictors and validation sampling techniques, using area under the receiver
operating characteristic curve (AUC-ROC) metrics.

AUC-ROC (95% CI)Model

MeanSplit 95:5Split 90:10Split 80:20Bootstrap

0.661 (0.603‐0.718)0.664 (0.610‐0.718)0.660 (0.605‐0.715)0.660 (0.605‐0.715)0.658 (0.603‐0.713)5 predictors

0.703 (0.652‐0.753)0.704 (0.654‐0.753)0.702 (0.652‐0.752)0.704 (0.654‐0.753)0.703 (0.653‐0.753)6 predictors

0.752 (0.701‐0.800)0.755 (0.709‐0.800)0.747 (0.701‐0.792)0.751 (0.706‐0.797)0.755 (0.710‐0.800)7 predictors
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Discussion

Principal Findings
The ability to accurately predict clinical outcomes is vital for
improving the quality of medical care and increasing the
efficiency of resource allocation in health care. For such
predictions, cardiologists often use clinical scores that have
various limitations, such as being dependent on a set number
of medical variables or not being adaptable to new medical
knowledge. Nonetheless, these professionals have also been
witnessing the development of AI models for applications in
cardiology in general [20] and for the management of
arrhythmias in particular [21,22]. In this context, our aim was
to develop an alternative model to clinical scores that was not
susceptible to these limitations, to predict the relapse of AF
after PVI procedure.

For this purpose, we have resorted to Bayesian networks, a type
of probabilistic graphical model that can represent knowledge
as a set of variables and their conditional dependencies. Unlike
traditional prognostic models based on linear or logistic
regressions, Bayesian networks offer an interpretable graphical
structure, which enhances the model’s clarity and facilitates its
adoption among physicians. In addition, Bayesian networks
manage missing data more efficiently than other machine
learning methods like classification and regression trees or
random forests, as they can compute the probability of an
outcome even when predictive variables have missing values.
This makes them particularly well suited for medical datasets,
where missing data are often a challenge. We have therefore
chosen to develop our models based on Bayesian networks due
to their explainability, flexibility, and robustness. Their
explainability derives from their ability to represent relationships
between variables as a graphical model, thus rendering their
results more comprehensible. This capability is of paramount
importance for the acceptance of AI models by medical
professionals, who can thus integrate them safely into clinical
practice [23]. Further, the models’ flexibility derives from the
ability to accommodate and represent new medical knowledge
by reshaping the network structure accordingly and recalculating
the conditional dependencies among multiple variables.
Therefore, new suspected or known risk factors or predictors
for AF relapse can be incorporated into a Bayesian network
model at any time, with minimal resetting of the model.
Additionally, the models’ robustness derives from the fact that
they can make predictions for the outcome variable even when
there are missing data on some predictive variables, thus
allowing them to be used in cases of incomplete information
on any given patient. Thus, unlike clinical scores, Bayesian
networks do not require the full set of clinical explanatory
variables to deliver useful results. Despite none of these
characteristics being unique to Bayesian networks on its own,
this combination of characteristics makes these models highly
interesting to be used as basis for clinical decision support
tools.The first stage of the construction of our model was to
create the network structure, that is, the network of relationships
between the clinical variables. As stated in the Methods section,
this was achieved in 2 steps: initially the known relationships
were set manually based on expert knowledge; then, in a second

step, the network structure was improved upon inference from
data by the use of an AI algorithm. At this last step, the
algorithm suggested a relationship between BMI and epicardial
fat, which was considered acceptable, as there is significant
evidence of a correlation between these two variables [24]. This
finding proved useful since it enabled the use of the path “BMI
→ epicardial fat → AF relapse” when there was no information
on the middle variable. The algorithm also suggested a path
“OSA → pre-ablation AF type → left atrial volume.” In this
study, we opted to retain this suggestion in the network structure
as a potential motivation for further exploration in future
research. Although these relationships were considered to
represent knowledge derived from the data, they were not
particularly relevant for the model calculations, since each of
these variables is also directly related to the outcome variable.

The second stage of the construction of our model was to train
and validate the model based on the previous network structure.
When validating the use of evidence from the 7 parent nodes
of our outcome variable, the model performed with a calculated
AUC value of approximately 0.75, interpreted as acceptable
diagnostic accuracy [25]. These results implied using as
predictive variables age, sex, smoking, preablation AF type,
left atrial volume, epicardial fat, and OSA. However, some of
these features are not always available in patients’ clinical
records. Thus, we have validated the model in the absence of
information on left atrial volume and epicardial fat as predictive
features. In this case, the model exhibited an expectedly lower
performance, with a calculated mean AUC value close to 0.66.
Despite the observed difference was not statistically significant,
as noted from the overlapping confidence intervals, it suggests
that these 2 features have a high weight on the performance of
the model. This finding is consistent with those reported in the
ATLAS score that the left atrial volume has the highest weight
on the predictive power of that score [2].

Going further, our experiment also showed that the lack of
information on epicardial fat can be partially compensated for
by evidence of BMI, as this is its parent node. Taking into
account daily clinical practice, this poses an interesting
possibility, since BMI measurements are generally available
for clinical evaluation for most patients. In these 6-variable
cases, the model response exhibited a calculated mean AUC
value of 0.70. Also here, despite the observed differences for
the previous scenarios not being statistically significant, these
outcomes fit within an acceptable range for a prediction tool.
Such results implied using as predictive variables age, sex,
smoking, preablation AF type, OSA, and BMI, all of which are
typically easy to obtain in a clinical setting. To put these results
in perspective, the AFA Recur tool developed by Saglietto et
al [5] achieves a performance of AUC 0.72 using a 19-variable
AI model with little to no explainability.

Future research in the context of predicting AF relapse using
Bayesian networks should address several key challenges and
directions. The first is ensuring the generalizability of the model
across diverse populations and clinical settings to seek validation
in varied patient cohorts. Second, it would be essential to
conduct longitudinal studies to assess the model’s long-term
performance and capture patient evolution over extended time
horizons. In addition, future studies could explore the inclusion
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of expanded predictive factors, such as genetic influences,
lifestyle changes, and comorbidities, to enhance the model’s
accuracy and clinical use. Finally, incorporating patient-reported
outcomes and preferences into the predictive framework may
improve the model’s relevance and acceptance, fostering a more
patient-centric approach to clinical decision-making.

We consider that this data-based approach based on a Bayesian
network model can be the backbone for a future clinical decision
support system. Being an AI model, it opens the possibility of
being continuously retrained as new patient information becomes
available in clinical records, hence progressively providing more
accurate results upon new accumulated data. Such a retraining
process can be automatized on a schedule or upon a trigger, for
example, recalculating conditional dependencies between
clinical features on a monthly basis or at every new 100 patient
observations. This retraining of the model based on the
recalculation of conditional probabilities from new patient data
is not expected to represent significant computational costs,
even for exceptionally large amounts of patient observations.

This model can also be considered as an enhancement of the
ATLAS score, as it is based on its 5 predictive features, to which
2 additional features were added. Nonetheless, it may serve as
a starting point for the representation of knowledge in this field,
being open to incorporating new evidence as it becomes

available. For such a reason, we believe that the findings of this
research contribute to the growing body of knowledge on the
application of AI methods in cardiology and pave the way for
future advancements in predictive analytics for cardiovascular
diseases.

Strengths and Limitations
The model was developed and evaluated on a dataset with a
limited number of features. Although the current literature
identifies other potential risk factors for relapse of AF, these
were not considered in this work, as there was no information
from patients on such features. Nevertheless, this type of model
allows the incorporation of other risk factors at any time,
provided that the network structure is rebuilt for that knowledge
representation and the model is retrained accordingly.

In addition, the size of the dataset used in this work was below
optimal for this type of probabilistic model. This is particularly
relevant if we consider the subsample sizes for a given
combination of clinical conditions (eg, in this dataset, there was
only one observation that simultaneously satisfies the multiple
conditions sex = female + smoking = true + OSA = true).
However, this type of model can be set to learn from new patient
data as they becomes available. In this fashion, as it continuously
builds on new evidence, the model becomes more accurate and
reliable, even for less frequent clinical conditions.
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Abstract

Background: Atrial fibrillation (AF) burden is associated with cardiovascular events such as stroke and heart failure. Recent
advancements in photoplethysmography (PPG) technology have provided new insights into noninvasive and convenient AF
burden detection.

Objective: This study aimed to establish an AF burden model based on smartwatch-monitored PPG technology to track the
progression of AF.

Methods: This prospective pilot study (January 2024 to January 2025) at the Chinese PLA General Hospital enrolled patients
with paroxysmal AF. Participants underwent simultaneous rhythm monitoring using smartwatch PPG and 24-hour Holter
electrocardiogram monitoring (the gold standard). Five PPG-derived AF burden metrics were defined: (1) ratio of AF episode
duration to total monitoring time (M1), (2) ratio of AF episode frequency to total measurements (M2), (3) AF episode density
(M3), (4) AF episode variability (M4), and (5) proportion of rapid ventricular rate in AF episodes (>120 beats per minute; M5).
Smartwatch PPG signals were collected once per minute. Sensitivity, specificity, accuracy, precision, and F1 score were used to
evaluate the PPG algorithm’s AF detection capability through comparison with the gold standard (24-hour Holter monitoring).
The mean absolute error (MAE) and Spearman rank correlation coefficient (rs) were used to assess the correlation between the
PPG-based AF burden metrics and the gold standard.

Results: A total of 145 participants with paroxysmal AF (n=96, 66.2% male; mean age 63.28, SD 14.23 years) were included.
Compared to the gold standard, the PPG-based AF burden model demonstrated a sensitivity of 91.5% (95% CI 87.9%-95.1%),
specificity of 97.2% (95% CI 95.9%-98.5%), precision of 92.9% (95% CI 88.6%-97.3%), accuracy of 93.3% (95% CI
88.2%-98.5%), and F1 score of 90.5% (95% CI 86.3%-94.7%). The AF burden model exhibited strong discriminatory power in
the test cohort (area under the curve=89.5%, 95% CI 89.4%‐89.7%). For M1, the MAE for the model of AF episode duration
as a proportion of total monitoring time was 0.0400 (P=.008), with a correlation coefficient (rs) of 0.8788 (P<.001). For M4, the
MAE for the AF episode variability model was 3.9967 (P<.001), with a correlation coefficient (rs) of 0.7876 (P<.001). The MAE
for the average real variability model was 4.6436 (P<.001), with a correlation coefficient (rs) of 0.8127 (P<.001). The MAE for
the average AF change model was 0.3893 (P=.27), with a correlation coefficient (rs) of 0.7246 (P<.001).

Conclusions: The PPG-based AF burden model demonstrated high concordance with the gold standard of 24-hour Holter
monitoring in tracking AF episode duration and variability, providing new perspectives for exploring AF progression dynamics.

Trial Registration: Chinese Clinical Trial Registry ChiCTR2300075516; https://www.chictr.org.cn/showproj.html?proj=200976

(JMIR Cardio 2025;9:e78075)   doi:10.2196/78075
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Introduction

Atrial fibrillation (AF) is one of the most common arrhythmias,
associated with an increased risk of cardiovascular adverse
events such as stroke and heart failure, and causes significant
health, social, and economic burdens [1]. Numerous studies
have found a dose-response relationship between AF burden
and cardiovascular event risk, making early assessment of AF
burden critical to reduce AF complications [2-4]. However,
there is currently no standardized definition for AF burden. It
generally refers to the percentage of time spent in AF during
total monitoring duration. Other studies have alternatively
quantified the number of AF episodes by using episode density
to define AF burden to explore the relationship between AF
burden and cardiovascular adverse events [2,5].

Currently, devices for monitoring AF burden include
cardiovascular implantable electronic devices and noninvasive
rhythm recorders (such as 24-hour Holter electrocardiograms
[ECGs]), both of which demonstrate high diagnostic accuracy.
However, these devices face limitations, including requiring
hospital-based monitoring under clinician supervision, high
costs, and labor-intensive data interpretation by physicians.
Recently, photoplethysmography (PPG) has been developed
for AF screening and has shown promising accuracy [6,7]. PPG
devices for AF screening are commercially available in various
formats, including handheld devices, smartwatches, or
wristbands. They use built-in optical sensors to monitor blood
volume changes in skin capillary beds and estimate heart rhythm
via reflected light wavelengths, offering greater comfort and
convenience and providing potential opportunities for
out-of-hospital ambulatory AF burden assessment [8]. However,
the accuracy of PPG-based AF burden detection algorithms in
smartwatches remains uncertain [9].

Our study aimed to evaluate the accuracy of smartwatch
integrated PPG algorithms in assessing AF burden.

Methods

Study Population
Between January 1, 2024, and January 1, 2025, consecutive
patients diagnosed with paroxysmal AF were recruited from
the Chinese PLA General Hospital. Inclusion criteria were
patients aged ≥18 years who provided written informed consent.
Exclusion criteria were inability to use wearable devices,
cognitive impairment, or presence of implanted cardiac devices
(pacemakers or implantable cardioverter-defibrillators).

Ethical Considerations
This study complied with the World Medical Association’s
Declaration of Helsinki and was approved by the Institutional

Review Board of the Chinese People’s Liberation Army General
Hospital (HZKY-PJ-2023-23). It was also registered with the
Chinese Clinical Trial Registry (ChiCTR2300075516). All
participants signed the informed consent form before
participating in this study. This study strictly adhered to privacy
protection protocols in accordance with the Declaration of
Helsinki. No financial compensation was provided to
participants.

Signal Acquisition and Processing
This study involved collecting baseline clinical data and PPG
signals. Clinical data included demographics, comorbidities,
and medications. PPG signals were obtained as follows: after
attaching 24-hour Holter ECG electrodes, participants wore
smartwatches (Huawei Watch GT2 Pro; Huawei Technologies
Co., Ltd.). Simultaneous recordings of cardiac rhythm from
both devices were initiated.

Development and Optimization of the Primary
PPG-Based AF Burden Model
The PPG-based AF burden algorithm was developed using 3698
PPG data segments from the previous Mobile Atrial Fibrillation
Application (mAFA) study as the training and validation sets
[10]. Each data segment had a duration of 1 minute. The
classification of the training data is shown in Table 1. The
training data segments were each divided into varying durations
(8, 16, 24, 32, 40, and 48 seconds) with random start times
determined by a random number generator. During model
development, we maintained a balanced representation of AF
and non-AF episodes across all duration categories, enforced
strict subject-level segregation to prevent any overlap between
the training and validation datasets, and carefully preserved
comparable AF to non-AF ratios in both sets. The raw PPG
signal from the sensor module was processed using a bandpass
Butterworth digital filter to eliminate low-frequency baseline
drift and high-frequency noise, thereby obtaining clear and
effective pulsatile PPG waveforms. To overcome limitations
of single-time-AF detection algorithms, which exhibit low
motion tolerance due to strict signal quality requirements and
are inadequate for AF burden assessment, this study proposes
a multiscale fusion AF burden detection algorithm featuring
continuous PPG acquisition with minute-by-minute
interpretation (defining AF burden as >40% of AF beats per
minute), high-quality signal extraction from motion corrupted
segments, an adaptive length machine learning model for
variable duration PPG signals, and context-aware fusion
calibration leveraging AF episode continuity to refine single
time predictions, thereby achieving accurate AF burden
quantification. In this study, we enrolled 145 patients as a test
cohort to validate the detection accuracy of the AF burden
algorithm compared to 24-hour Holter monitoring.

Table . The classification of the training data.

Record (1-minute segment)Training data category

1090Atrial fibrillation

540Premature contraction

2067Sinus rhythm
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Definition of AF Burden
Metric M1 is the proportion of AF episode duration detected

through PPG monitoring relative to the total monitoring time,
quantifying temporal AF dynamics (Figure 1).

Figure 1. A schematic diagram of metric M1. AF: atrial fibrillation; ECG: electrocardiogram; PPG: photoplethysmography; SR: sinus rhythm.

Metric M2 is the proportion of AF episodes detected through
PPG monitoring relative to the total number of monitoring
epochs, assessing frequency-based AF variations (Figure 2).

Figure 2. A schematic diagram of metric M2. AF: atrial fibrillation; ECG: electrocardiogram; PPG: photoplethysmography; SR: sinus rhythm.

Metric M3 is the area between the actual AF burden progression
curve (derived from PPG monitoring) and the theoretical

uniform AF burden development curve, evaluating AF episode
clustering (Figure 3).

Figure 3. A schematic diagram of metric M3. AF: atrial fibrillation; ECG: electrocardiogram; PPG: photoplethysmography; SR: sinus rhythm.

Metric M4 is a composite metric integrating 3 variability
parameters derived from PPG monitoring: AF episode variability
(SD of hourly AF counts normalized by 24-hour mean AF
frequency), mean real variability (average of SD and mean

absolute deviation of hourly AF counts), and mean AF variation
(day-night difference in AF counts normalized by overall mean
AF frequency). This model quantifies hourly AF burden
fluctuations (Figure 4).
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Figure 4. A schematic diagram of metric M4. AF: atrial fibrillation; ECG: electrocardiogram; PPG: photoplethysmography; SR: sinus rhythm.

Metric M5 quantifies rapid ventricular rate (RVR) AF episodes,
defined as the proportion of AF episodes with heart rates of
>120 beats per minute (bpm) relative to total monitored AF

episodes or the cumulative duration of RVR AF episodes relative
to the total monitoring time. This dual parameter model enables
characterizing high rate AF burden (Figure 5 and Figure 6).

Figure 5. A schematic diagram of metric M5. AF: atrial fibrillation; bpm: beats per minute; ECG: electrocardiogram; PPG: photoplethysmography;
SR: sinus rhythm.

Figure 6. A schematic diagram of metric M5. AF: atrial fibrillation; bpm: beats per minute; ECG: electrocardiogram; PPG: photoplethysmography;
SR: sinus rhythm.

Statistical Analysis
Data with a normal distribution were presented as means and
SDs. Data with a nonnormal distribution were presented as
medians and IQRs and were analyzed using the Mann-Whitney
U test. Categorical variables were expressed as percentages.
Algorithm performance (sensitivity, specificity, accuracy,

precision, F1 score, and area under the receiver operating
characteristic curve) was validated against Holter ECG values
to assess its capability for continuous AF detection. Correlation
between the PPG-based AF burden model and 24-hour Holter
ECG monitoring was assessed using the mean absolute error
(MAE) and Spearman rank correlation coefficient (rs; Table 2)
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Table . Clinical significance of each metric.

Clinical significanceFormulaPerformance metric

Proportion of actual positive cases correctly
identified

TPa/(TP + FNb)Sensitivity

Proportion of actual negative cases correctly ex-
cluded

TNc/(TN + FPd)Specificity

Proportion of correctly classified cases(TP + TN)/(TP + FP + FN + TN)Accuracy

Proportion of TPs among all positive test resultsTP/(TP + FP)Precision

Balances FNs and FPs when their clinical conse-
quences are comparable

2 × TP/(2 × TP + FP + FN)F1-score

Overall discriminative ability across all thresh-
olds (0.9=excellent; 0.7‐0.9=moderate)

—fAUC-ROCe

Quantifies the average prediction error; smaller
MAE indicates higher clinical utility for risk
stratification or treatment timing

∑i=1n|pi−gi|n,pi:PPGgi:ECGMAEg

Measures monotonic association; high rs (rs>0.6)

suggests that the model captures clinically rele-
vant trends, even if they are nonlinear

—frs
h

aTP: true positive.
bFN: false negative.
cTN: true negative.
dFP: false positive.
eAUC-ROC: area under the receiver operating characteristic curve.
fNot applicable.
gMAE: mean absolute error.
hrs: Spearman rank correlation coefficient.

A 2-sided P value of <.05 was considered statistically
significant. The 95% CIs were calculated using the Wilson score
method without continuity correction. Analyses were conducted
using SPSS Statistics (version 22; IBM Corp) and OpenEpi
(version 3.01).

Results

Overview
From January 1, 2024, to January 1, 2025, a total of 148
participants were initially enrolled in the study. Of these 148

participants, after excluding 2 (1.4%) with atrial flutter and 1
(0.7%) with atrioventricular block, 145 (98%) were ultimately
included in the final analysis (n=96, 66.2% male; mean age
63.28, SD 14.23; range 19 to 90 years). On the basis of
expert-reviewed 24-hour Holter ECG monitoring, 75 patients
exhibited AF episodes during the monitoring period, including
35 (47%) cases of paroxysmal AF and 40 (53%) cases of
persistent AF lasting 24 hours (Figure 7).
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Figure 7. A flowchart of the study. AF: atrial fibrillation; ECG: electrocardiogram; PPG: photoplethysmography; SR: sinus rhythm.

Baseline Characteristics
The study population comprised patients with paroxysmal AF
with a mean age of 63.28 (SD 14.23) years, including 66.2%

(96/145) male individuals. Baseline characteristics are detailed
in Table 3.
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Table . Baseline characteristics of the participants (N=145).

ValuesCharacteristic

Demographics

63.28 (14.23)Age (y), mean (SD)

96 (66.2)Male sex, n (%)

Medical history, n (%)

31 (21.4)Coronary artery disease

4 (2.8)Heart failure

75 (51.7)Hypertension

66 (45.5)Hyperlipidemia

31 (21.4)Diabetes mellitus

3 (2.1)Previous stroke, SEa, or TIAb

47 (32.4)Vascular disease

7 (4.8)Renal dysfunction

9 (6.2)COPDc

3 (2.1)Hyperthyroidism

15 (10.3)OSAd

Anticoagulants, n (%)

2 (1.4)Warfarin

14 (9.7)Dabigatran

21 (14.5)Rivaroxaban

3 (2.1)Apixaban

24 (16.6)Edoxaban

3 (2.1)Low–molecular weight heparin

Antiarrhythmic drugs, n (%)

28 (19.3)Propafenone

16 (11.0)Amiodarone

7 (4.8)Dronedarone

17 (11.7)Bisoprolol

39 (26.9)Metoprolol

aSE: systemic arterial embolism.
bTIA: transient ischemic attack.
cCOPD: chronic obstructive pulmonary disease.
dOSA: obstructive sleep apnea.

The AF burden algorithm demonstrated high performance, with
a daily model output rate of 86.6% (95% CI 85.2%-88%). The
confusion matrix yielded true positive, false negative, false
positive, and true negative counts for PPG signals of 106,975,
11,941, 8787, and 308,082, respectively. Compared to the gold
standard, the PPG-based AF burden model demonstrated a
sensitivity of 91.5% (95% CI 87.9%-95.1%), specificity of
97.2% (95% CI 95.9%-98.5%), precision of 92.9% (95% CI
88.6%-97.3%), accuracy of 93.3% (95% CI 88.2%-98.5%), and

F1-score of 90.5% (95% CI 86.3%-94.7%). The AF burden
model exhibited strong discriminatory power in the test cohort
(area under the curve=89.5%, 95% CI 89.4%-89.7%; Table 4).
The receiver operating characteristic curve is shown in Figure
8. The performance metrics of the PPG-based AF burden model
across varying threshold values are shown in Table 5.

Figure 9 shows the strong concordance between the PPG and
Holter ECG waveforms.
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Table . The performance metrics of the photoplethysmography-based atrial fibrillation burden model.

Performance (%; 95% CI)Performance metric

90.0 (87.9‐95.1)Sensitivity

97.2 (95.9‐98.5)Specificity

92.9 (88.6‐97.3)Precision

93.3 (88.2‐98.5)Accuracy

90.5 (86.3‐94.7)F1-score

89.5 (89.4‐89.7)AUCa

aAUC: area under the receiver operating characteristic curve.

Figure 8. Receiver operating characteristic curves for photoplethysmography–based atrial fibrillation burden model. AUC: area under the curve; ROC:
receiver operating characteristic.
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Table . The performance metrics of the photoplethysmography-based atrial fibrillation burden model across varying threshold values.

F1 scoreSpecificitySensitivityPrecisionAccuracyCutoff point for AF
burden threshold

0.840.940.840.850.9140%

0.850.940.840.850.9245%

0.850.940.850.840.9250%

0.850.940.860.840.9255%

0.850.940.870.830.9260%

0.850.940.870.830.9265%

0.850.930.880.820.9270%

Figure 9. Representative pulse waveform recording from a patient. AF: atrial fibrillation; PPG: photoplethysmography; SR: sinus rhythm.

Evaluation of AF Burden Quantification Performance
by the AF Burden Model

Metric M1 Evaluation
For the ratio of AF duration to the total monitoring time, the
PPG median was 0.0402 (IQR 0.0086‐0.8671) versus 0.0020
(IQR 0.0086‐0.8671) for 24-hour Holter monitoring, with
model performance metrics of MAE=0.0400 (P=.008) and
rs=0.8788 (P<.001; Figure 10A). For the ratio of AF episodes

of >6 minutes to the total monitoring time, the PPG median was
0.0093 (IQR 0.0000‐0.7330) versus 0.0000 (IQR
0.0000‐1.0000) for 24-hour Holter monitoring, with model
performance metrics of MAE=0.0582 (P=.44) and rs=0.9233
(P<.001; Figure 10B). Regarding the ratio of AF episodes of
>1 hour to the total monitoring time, the PPG median was
0.0000 (IQR 0.0000‐0.2947) versus 0.0000 (IQR
0.0000‐1.0000) for 24-hour Holter monitoring, with model
performance of MAE=0.1204 (P=.04) and rs=0.9293 (P<.001;
Figure 10C).
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Figure 10. Scatter plot and regression line of AF burden estimated by PPG compared to AF burden estimated by ECG. Each dot represents the AF
burden by each method for each patient with AF. Dashed line is the regression line. Solid gray line is line of equality. AF: atrial fibrillation; ECG:
electrocardiogram; PPG: photoplethysmography.

Metric M2 Evaluation
The ratio of AF episodes to the total measurements showed a
PPG median of 0.0033 (IQR 0.0009‐0.0056) versus 0.0001
(IQR 0.0000‐0.0008) for 24-hour Holter monitoring, with
model performance metrics of MAE=0.0320 (P<.001) and
rs=–0.0807 (P=.33) compared to the gold standard. For the ratio
of AF episodes of >6 minutes to the total measurements, the

PPG median was 0.0010 (IQR 0.0007‐0.0028) versus 0.0000
(IQR 0.0000‐0.0007) for 24-hour Holter monitoring, with
model performance metrics of MAE=0.0015 (P<.001) and
rs=0.2360 (P=.004). Regarding the ratio of AF episodes of >1
hour to the total measurements, the PPG median was 0.0004
(IQR 0.0000‐0.0009) versus 0.0000 (IQR 0.0000‐0.0007)
for 24-hour Holter monitoring, with model performance of
MAE=0.0005 (P<.001) and rs=0.7092 (P<.001; Figure 11).
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Figure 11. Scatter plot and regression line of AF burden estimated by PPG compared to AF burden estimated by ECG. Each dot represents the AF
burden by each method for each patient with AF. Dashed line is the regression line. Solid gray line is line of equality. AF: atrial fibrillation; ECG:
electrocardiogram; PPG: photoplethysmography.

Metric M3 Evaluation
The PPG-derived AF density showed a median of 0.2700 (IQR
0.1700-0.4725) compared to 0.0000 (IQR 0.0000-0.5900) for

24-hour Holter monitoring. When validated against the gold
standard, the model demonstrated an MAE of 0.1725 (P<.001)
with an rs of 0.6576 (P<.001; Figure 12)
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Figure 12. Scatter plot and regression line of AF burden estimated by PPG compared to AF burden estimated by ECG. Each dot represents the AF
burden by each method for each patient with AF. Dashed line is the regression line. Solid gray line is line of equality. AF: atrial fibrillation; ECG:
electrocardiogram; PPG: photoplethysmography.

Metric M4 Evaluation
The SD of hourly AF episodes measured through PPG showed
a median of 5.3229 (IQR 1.0375-15.9058) versus 0.4390 (IQR
0.0000-12.8558) for Holter monitoring, with MAE=5.6009
(P<.001) and rs=0.8135 (P<.001; Figure 13A). AF variability
assessment revealed a median PPG value of 3.3478 (IQR
0.6957-9.2174) compared to 0.1739 (IQR 0.0000-5.2174) for
24-hour Holter monitoring, with MAE=3.9967 (P<.001) and
rs=0.7876 (P<.001; Figure 13B). Daytime (6 AM-10 PM)
variability showed a median PPG value of 3.6000 (IQR
0.8667-11.4667) versus 0.0000 (IQR 0.0000-5.600) for 24-hour
Holter monitoring, with MAE=4.8425 (P<.001) and rs=0.7659

(P<.001; Figure 13C), whereas nighttime (10 PM-6 AM)
variability showed a median PPG value of 1.000 (IQR
0.0000-6.0000) versus 0.0000 (IQR 0.0000-0.2857) for 24-hour
Holter monitoring, with MAE=2.6171 (P<.001) and rs=0.6712
(P<.001; Figure 13D). Mean real variability measurements
yielded a median value of 4.5282 (IQR 0.9031-12.4119) for
PPG versus 0.3499 (IQR 0.0000-8.9325) for 24-hour Holter
monitoring, with MAE=4.6436 (P<.001) and rs=0.8127 (P<.001;
Figure 13E). Mean AF variation assessment yielded a median
PPG value of 0.0466 (IQR –0.2987 to 1.3361) versus –0.0142
(IQR –0.1249 to 0.0654) for 24-hour Holter monitoring, with
MAE=0.3893 (P=.27) and rs=0.7246 (P<.001; Figure 13F).
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Figure 13. Scatter plot and regression line of AF burden estimated by PPG compared to AF burden estimated by ECG. Each dot represents the AF
burden by each method for each patient with AF. Dashed line is the regression line. Solid gray line is line of equality. AF: atrial fibrillation; ECG:
electrocardiogram; PPG: photoplethysmography. VOM: variation of the mean (VOM=[∣average AF episode at day−average AF episodes at
night∣/average 24-h AF episodes] ×100%).

Metric M5 Evaluation
For the proportion of AF episodes with a ventricular rate of
>120 bpm to total monitored episodes, PPG measurements
showed a median of 0.0007 (IQR 0.0007-0.0027) compared to
0.0000 (IQR 0.0000-0.0070) for 24-hour Holter monitoring,
with model performance metrics of MAE=0.0151 (P=.76) and

rs=0.3435 (P<.001). Similarly, for the proportion of time in AF
with a ventricular rate of >120 bpm to total monitoring time,
the median PPG value was 0.0007 (IQR 0.0007-0.0027) versus
0.0000 (IQR 0.0000-0.0070) for 24-hour Holter monitoring,
yielding an identical model performance (MAE=0.0151 and
P=.76; rs=0.3435 and P<.001). Table 6 summarizes the
quantification performance of the AF burden model.
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Table . Photoplethysmography (PPG)–monitored atrial fibrillation (AF) progression features compared to 24-hour electrocardiogram (ECG) monitoring
(N=145).

P valuer s
bP valueMAEaECG, median

(IQR)
PPG, median (IQR)

Duration feature

<.0010.8788.0080.04000.0020 (0.0086 to
0.8671)

0.0402 (0.0086 to
0.8671)

    Ratio of AF dura-
tion to total moni-
toring time (%)

<.0010.9223.440.05820.0000 (0.0000 to
1.0000)

0.0093 (0.0000 to
0.7330)

    Ratio of AF
episodes lasting
over 6 min to total
monitoring time
(%)

<.0010.9293.040.12040.0000 (0.0000 to
1.0000)

0.0000 (0.0000 to
0.2947)

    Ratio of AF
episodes lasting
over 1 h to total
monitoring time
(%)

Number feature

.33–0.0807<.0010.00320.0001 (0.0000 to
0.0008)

0.0033 (0.0009 to
0.0056)

    Ratio of AF
episodes to total
measurements (%)

.0040.2360<.0010.00150.0000 (0.0000 to
0.0007)

0.0010 (0.0007 to
0.0028)

    Ratio of AF
episodes lasting
over 6 min to total
measurements (%)

<.0010.7092<.0010.00050.0000 (0.0000 to
0.0007)

0.0004 (0.0000 to
0.0009)

    Ratio of AF
episodes lasting
over 1 h to total
measurements (%)

Aggregation feature

<.0010.6576.130.17250.0000 (0.0000 to
0.5900)

0.2700 (0.1700 to
0.4725)

    AF density

Circadian rhythm feature

<.0010.8135<.0015.60090.4390 (0.0000 to
12.8558)

5.3229 (1.0375 to
15.9058)

    SD per h of AF
episodes

<.0010.7876<.0013.99670.1739 (0.0000 to
5.2174)

3.3478 (0.6957 to
9.2174)

    Variability of AF
episodes

<.0010.7659<.0014.84250.0000 (0.0000 to
5.6000)

3.6000 (0.8667 to
11.4667)

    Daytime AF
variability

<.0010.6712<.0012.61710.0000 (0.0000 to
0.2857)

1.0000 (0.0000 to
6.0000)

    Nighttime AF
variability

<.0010.8127<.0014.64360.3499 (0.0000 to
8.9325)

4.5282 (0.9031 to
12.4119)

    Average real

variabilityc

<.0010.7246.270.3893–0.0142 (–0.1249
to 0.0654)

0.0466 (–0.2987 to
1.3361)

    VOMd of AF
episodes (%)

Heart rate feature

<.0010.3435.760.01510.0000 (0.0000 to
0.0070)

0.0007 (0.0000 to
0.0027)

    Ratio of duration
of pulse rate of

>120 bpme to mon-
itoring time (min)

<.0010.3435.760.01510.0000 (0.0000 to
0.0070)

0.0007 (0.0000 to
0.0027)

    Ratio of number
of pulse rates of
>120 bpm to total
measurements
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aMAE: mean absolute error; mae=∑i=1n|pi−gi|npi:PPGgi:ECG.
bSpearman rank correlation coefficient.
cAverage real variability: average AF episodes, SD, and mean absolute deviation per hour were calculated over 24 hours; average real variability was
then equal to the average SD and mean absolute deviation over 24 hours.
dVOM: variation of the mean ([∣average AF episodes during the day − average AF episodes at night∣/average 24-hour AF episodes] × 100%; daytime
AF variability: 6 AM-10 PM; nighttime AF variability: 10 PM-6 AM).
ebpm: beats per minute.

Discussion

Principal Findings
This study confirmed that the PPG-based AF burden model
demonstrated strong agreement in tracking AF burden variations,
with metric M1 showing optimal performance: for the ratio of
AF duration to the total monitoring time, it achieved an MAE
of 0.0400 (P=.008) and rs of 0.8788 (P<.001); for the ratio of
≥6-minute AF episodes to the total monitoring time, it achieved
an MAE of 0.0582 (P=.44) and rs of 0.9233 (P<.001); and for
the ratio of ≥1-hour AF episodes to the total monitoring time,
it achieved an MAE of 0.1204 (P=.04) and rs of 0.9293
(P<.001).

The current clinical classification of AF largely relies on
symptomatic presentation and ECG findings, categorizing AF
into paroxysmal, persistent, long-standing persistent, and
permanent types. The management of AF involves
CHA2DS2-VASc (congestive heart failure; hypertension; age
of ≥75 years; diabetes mellitus; previous stroke, transient
ischemic attack, or thromboembolism; vascular disease; age of
65-74 years; and sex category)–guided thrombotic risk
stratification for anticoagulation decisions. However, current
classifications inadequately capture AF progression dynamics
[9,11]. For instance, in real-world settings, it remains unclear
whether frequent, short-duration AF episodes confer a higher
thrombotic risk than infrequent but prolonged episodes.
Currently, no universally accepted AF burden definition exists,
although it is commonly quantified as the percentage of time
in AF during monitoring [12]. Alternative definitions incorporate
AF episode frequency, density, and temporal variability [2,5,13],
reflecting methodological heterogeneity. While implantable
loop recorders and 24-hour Holter monitoring are widely used
for AF burden assessment, implantable loop recorders are
invasive, costly, and may overestimate AF burden by
misclassifying atrial arrhythmias as AF [14]. Conversely,
24-hour Holter monitoring underestimates burden due to short
duration and tolerability limitations, restricting its utility in daily
practice [15]. This study leveraged PPG integrated smartwatches
to enable multidimensional ambulatory AF monitoring,
innovatively characterizing AF burden across 5 distinct
dimensions: temporal duration, episode frequency, density,
variability, and RVR. This approach offers novel insights for
establishing a PPG-based definition of AF burden.

In recent years, wearable PPG devices have gained traction for
AF screening owing to affordability and usability [8,16].
Previous studies have validated PPG’s diagnostic accuracy in
AF detection [17-20]. Our team’s previous research (N=187,912)
confirmed the feasibility and utility of PPG-based wristbands
and smartwatches in population level AF screening, facilitating

early AF identification and intervention [7]. In a large cohort
(N=1,187,381; mean follow-up 255 days), 93.6% of PPG
suspected AF cases were verified, demonstrating the reliability
and accuracy of this approach [21]. Despite PPG’s utility in AF
screening, its burden monitoring potential is underexplored.
Väliaho et al [8] evaluated PPG-based algorithms for continuous
AF burden assessment in 173 participants, finding 30-minute
intervals as optimal (F1 score=0.95; sensitivity=94.9%;
specificity=98.6%) when comparing 10-, 20-, 30-, and 60-minute
reporting intervals. Avram et al [22] evaluated a Samsung
smartwatch algorithm (5-minute intervals: sensitivity=87.8%,
95% CI 83.6%-91%; specificity=97.4%, 95% CI 97.1%-97.7%;
area under the curve=93.3%), showing strong AF burden

correlation (R2=0.986). These findings suggest PPG’s potential
for AF burden quantification, although detection precision for
brief AF episodes requires refinement. In this study, we
developed a PPG-based AF burden algorithm integrated into
smartwatch devices. When evaluated via 1-minute analysis
epochs against standard 24-hour Holter monitoring as the
reference, the algorithm demonstrated a sensitivity of 91.5%
(95% CI 87.9%-95.1%), specificity of 97.2% (95% CI
95.9%-98.5%), and overall accuracy of 95.7% (95% CI
94%-97.4%). Previous studies have reported PPG signal
limitations from motion artifacts and other interfering factors,
leading to substantial data exclusion. Reissenberger et al [23]
reported that approximately 50.7% of PPG signals were
classified as noise, necessitating exclusion. To address these
challenges, we implemented algorithm optimizations through
a novel multiscale fusion approach for AF burden detection,
achieving a daily model output rate of 0.86 (95% CI
0.852-0.880) and markedly improving data usability. In this
study, metric M1 demonstrated optimal performance in tracking
AF duration, consistent with previous findings, showing an
MAE of 0.0400 (P=.008) and rs of 0.8788 (P<.001) for the ratio
of AF duration to total monitoring time and an MAE of 0.1204
(P=.04) and rs=0.9293 (P<.001) for the ratio of episodes of >1
hour to total monitoring time. While current studies typically
use invasive devices or 24-hour Holter monitoring to define AF
burden through episode frequency and density, our study
pioneered PPG-based AF burden models integrated into
smartwatches. Compared with standard 24-hour Holter
monitoring, the AF burden model exhibited higher MAE values,
along with a weaker rs, in assessing metrics M2 and M5. This
may be attributed to PPG signal interference caused by poor
pulse waveform quality, motion artifacts, and noise, which could
reduce the models’ accuracy in evaluating AF episode
frequency. However, metric M3 demonstrated good correlation
and a weaker MAE, with an MAE of 0.1725 (P=.13) and
rs=0.6576 (P<.001), although further optimization is still needed
in the future. Notably, metric M4 demonstrated excellent
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agreement with the gold standard in tracking AF variability,
providing novel insights for assessing temporal AF fluctuations.

AF’s rising prevalence and mortality exacerbate global health
burdens, with its association to adverse cardiovascular events
including stroke, heart failure, and death potentially linked to
AF burden [1,24]. The Catheter Ablation Versus Standard
Conventional Treatment in Patients With Left Ventricular
Dysfunction and Atrial Fibrillation trial demonstrated that an
AF burden threshold of 50% was associated with significant
functional and structural changes in cardiomyocytes [25]. There
is accumulating evidence suggesting that AF burden is correlated
with adverse cardiovascular events, including stroke and heart
failure [2,4,26]. A large-scale study (N=39,710) defined AF
burden as the ratio of daily AF duration percentage to total
monitoring time [13] and the longest single AF episode duration,
revealing dose-dependent associations between increasing
baseline AF burden and adverse outcomes at the 1- and 3-year
follow-ups. A high AF burden may be a significant risk factor
for mortality. However, the causal role of AF burden in stroke
events and the optimal threshold (ranging from 1 minute to 24
hours) remain unclear. Moreover, the relationship between AF
episode frequency, AF density, AF episode variability, and the
proportion of RVR AF and adverse cardiovascular events
remains unexplored. However, in this study, metrics M1 and
M4 demonstrated strong correlation compared to 24-hour Holter
monitoring. This provides a novel methodological foundation
for future research into the association between PPG-based AF
burden detection and adverse cardiovascular events.

While there is evidence suggesting that anticoagulation therapy
may be considered based on atrial high rate episode burden [27],
the optimal treatment strategy according to specific AF burden
thresholds requires further investigation. Our study’s metric
M1 for temporal AF burden monitoring showed strong
correlation with 24-hour Holter monitoring, potentially offering
a novel methodology for future large-scale clinical trials
investigating anticoagulant guidance by AF burden
quantification. Current AF guidelines recommend active rhythm
control to alleviate symptoms in patients with AF, with
antiarrhythmic drug therapy and more effective catheter ablation
techniques demonstrating the capability to prevent AF
recurrence, improve symptoms, and reduce AF burden [28-30].
Drexler et al [31] retrospectively demonstrated that early
postprocedural low root mean square of successive differences
values following pulmonary vein isolation independently
predicted AF recurrence (hazard ratio=0.50; P<.001), whereas
Zhu et al [32] prospectively identified postablation root mean
square of successive differences and percentage of successive
normal sinus intervals that differ by more than 50 milliseconds
as independent predictors of recurrence in 102 patients with
paroxysmal AF. Collectively, recent randomized trials support
the beneficial impact of dynamic AF burden monitoring and
reduction on clinical outcomes [33]. Our study’s metric M4
exhibited strong correlation with 24-hour Holter monitoring in

assessing AF variability, providing a potential technical
foundation for future rhythm management strategies guided by
AF burden quantification and prediction of postablation
recurrence risk.

There is emerging evidence suggesting that AF burden may
contribute to adverse cardiovascular outcomes, including stroke
and heart failure, necessitating refined assessment methods for
optimized risk prediction. While real-world evaluation of AF
burden remains uncertain, incorporating this parameter into
clinical decision making could enable more precise risk
stratification and therapeutic selection. Our study developed a
novel smartwatch-based PPG algorithm showing strong
concordance with 24-hour Holter monitoring in long-term AF
burden assessment. This innovative model incorporates 5
dimensions—temporal AF duration, episode density, frequency,
variability, and proportion with rapid ventricular
response—enabling multidimensional AF evaluation. This
approach provides new insights for investigating PPG-derived
AF burden’s relationship with cardiovascular outcomes,
potentially informing early intervention strategies,
anticoagulation decisions, and rhythm management protocols.

Limitations
This study has several limitations that should be acknowledged.
First, the relatively modest sample size warrants validation in
larger, real-world cohorts to ensure generalizability. In addition,
PPG technology remains significantly susceptible to motion
artifacts and noise interference, particularly during daily
activities and hand movements, which may compromise accurate
quantification of AF episodes. This technical limitation presents
a notable challenge in assessing RVR AF. However, ongoing
advancements in wearable device technology and detection
algorithms are expected to mitigate these limitations. Second,
while current PPG applications are limited to AF screening and
cannot provide definitive diagnosis, our preliminary research
demonstrated the diagnostic feasibility of integrated single-lead
electrocardiograph technology. Future investigations should
prioritize large-scale, multicenter randomized controlled trials
to systematically evaluate the clinical utility of combining PPG
with iECG technology for comprehensive AF burden
monitoring.

Conclusions
A PPG-based AF burden model incorporating dimensions such
as duration, frequency, density, variability, and RVR
demonstrated good consistency compared to 24-hour Holter
monitoring, with optimal tracking performance observed in the
duration and variability dimensions. This approach provides
technical support for the at-home multidimensional
quantification of AF occurrence and progression, offering new
insights for defining PPG-based AF burden. However, further
optimization and validation are required for the real-world
application of this PPG-based AF burden model.
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pNN50: percentage of successive normal sinus intervals that differ by more than 50 milliseconds
PPG: photoplethysmography
RVR: rapid ventricular rate
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Abstract

Background: Atrial fibrillation (AF) is a chronic cardiovascular condition that requires long-term adherence to medications
and self-monitoring. Clinical trials for AF have had limited diversity by sex, race and ethnicity, and rural residence, thereby
compromising the integrity and generalizability of trial findings. Digital technology coupled with remote strategies has the
potential to increase recruitment of individuals from underrepresented demographic and geographic populations, resulting in
increased trial diversity, and improvement in the generalizability of interventions for complex diseases such as AF.

Objective: This study aimed to summarize the architecture of a research program using remote methods to enhance geographic
and demographic diversity in mobile health trials to improve medication adherence.

Methods: We developed a programmatic architecture to conduct remote recruitment and assessments of individuals with AF
in 2 complementary randomized clinical trials, funded by the National Institutes of Health, to test the effectiveness of a
smartphone-based relational agent on adherence to oral anticoagulation. The study team engaged individuals with either rural or
metropolitan residences receiving care for AF at health care settings who then provided consent, and underwent baseline assessments
and randomization during a remotely conducted telephone visit. Participants were randomized to receive the relational agent
intervention or control and subsequently received a study smartphone with installed apps by mail. Participants received a
telephone-based training session on device and app usage accompanied by a booklet with pictures and instructions accessible for
any level of health or digital literacy. The program included remote methods by mail and telephone to promote retention at 4-,
8-, and 12-month visits and incentivized return of the smartphone following study participation. The program demonstrated
excellent participant engagement and retention throughout the duration of the clinical trials.

Results: The trials enrolled 513 participants, surpassing recruitment goals for the rural (n=270; target n=264) and metropolitan
(n=243; target n=240) studies. A total of 62% (319/513) were women; 31% (75/243) of participants in the metropolitan study
were African American, Asian, American Indian or Alaskan native or other races or ethnicities, in contrast to 5% (12/270) in the
rural study. Among all participants, 56% (286/513) had less than an associate’s degree and 44% (225/513) were characterized as
having limited health literacy. Intervention recipients receiving the relational agent used the agent median of 95‐98 (IQR,
56‐109) days across both studies. Retention exceeded 89% (457/513) at 12 months with study phones used for median 3.3 (IQR,
1‐5) participants.

Conclusions: We report here the development and implementation of a programmatic architecture for the remote conduct of
clinical trials. Our program successfully enhanced trial diversity and composition while providing an innovative mobile health
intervention for medication adherence in AF. Our methods provide a model for enhanced recruitment and engagement of diverse
participants in cardiovascular trials.

Trial Registration: Clinicaltrials.gov NCT04076020; https://clinicaltrials.gov/study/NCT04076020 and Clinicaltrials.gov
NCT04075994; https://clinicaltrials.gov/study/NCT04075994
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Introduction

Multiple demographic groups have had limited participation in
clinical trials, despite relatively high rates of disease burden
[1]. Women, racial and ethnic minorities, and people who reside
in rural settings have historically been underrepresented in
randomized clinical trials testing or evaluating interventions for
cardiovascular diseases [2-6]. Causes of such
underrepresentation are multifactorial and related to the
individual or patient, investigator, and health care system factors
[1,7,8]. Atrial fibrillation (AF) is a chronic cardiovascular
condition that merits attention because of its high prevalence
and the documented disparities in disease detection, treatment,
and outcomes [9]. Global and United States prevalence of AF
has increased with concomitant rise in clinical adversity,
expenditures, and mortality associated with the condition
[10-12]. Individuals with AF experience 4-fold higher rates of
inpatient care and 5-fold higher days of hospitalization than
those without [13]. The estimated health care costs for AF total
US $6‐20 billion annually, which underscores the importance
of trial representation of inclusion of populations that may have
increased risks of clinical adversity [14].

Social factors are related to disparities in patient care and
experience of AF [15]. Racial and ethnic disparities in AF
management are evidenced by Black individuals being less
likely to receive oral anticoagulation–a mainstay for
thromboembolic stroke prevention in AF–than counterparts of
White race [16]. Rural residents may experience structural
barriers to care, and in turn lower quality care compared to
individuals residing in metropolitan settings [15]. Furthermore,
AF is a complicated condition with expectations that patients
self-monitor for symptoms, adhere consistently to complex
therapies like oral anticoagulants, and have awareness about
the disease-related complications [17,18]. Clinical trials likewise
have potential to assess the contributions of social and structural
factors to patient experience and outcomes in a chronic condition
such as AF.

Digital and mobile health interventions have multiple advantages
for clinical trials to address the challenges described here. In
many circumstances, digital technology can obviate geographic
barriers and thereby encourage participation by eliminating
travel as a geographic barrier. Such an approach may particularly
benefit rural individuals who would otherwise be required to
travel as well as metropolitan residents who also experience
transportation costs and obstacles [19]. Coupling digital
interventions with decentralized trial administration has clear
potential to augment the geographic and social diversity of
clinical trial participants, which can in turn enhance the
generalizability of results and generate new biomedical
knowledge [20].

Here we present the design and architecture of a remote mobile
health program. We describe a program that uses a
smartphone-based intervention to augment the self-management
of AF. The intervention incorporates a relational agent [21]—an
animated health educator that uses synthetic speech and
conversational gestures, such as hand movements, gaze shifts,
natural pauses, and emphatic facial expressions to simulate
face-to-face counseling—in conjunction with a mobile heart
rhythm sensor. We describe here the programmatic architecture
to conduct remote trials and the resulting augmentation of
geographic, ethnic, and racial diversity of participants. Rather
than summarize the results of 2 contrasting trials, our objective
in this manuscript is to demonstrate a successful strategy to
increase the social and geographic diversity of participants in
technology-based trials.

Methods

Summary of Recruitment
Our program implemented 2 complementary, parallel-arm, and
randomized clinical trials with decentralized administration,
summarized here and described in further detail elsewhere
[18,22,23]. One trial (ClinicalTrials.gov ID NCT04076020),
conducted in individuals with a rural Pennsylvania residence
as determined using a definition of rural status as designated
by the United States Census Bureau, aimed to recruit
geographically remote individuals with AF. The second trial
(ClinicalTrials.gov ID NCT04075994) focused on recruitment
of individuals residing in metropolitan communities with a focus
on economically depressed regions of Pittsburgh, Pennsylvania.
Both trials prioritized recruitment from populations that have
historically had limited representation in clinical trials for AF.
Eligibility for participation in either trial included a diagnosis
of AF, as confirmed by the electronic health record, and the
prescription of oral anticoagulation for the purpose of
thromboembolic stroke prevention in the setting of having AF.
The rural and metropolitan trials aimed to recruit 264 and 240
participants, respectively, given differences in design and
complementary study objectives.

The architecture of this program consisted of entirely remote
recruitment, engagement, assessment, and retention. In effect,
this process resulted in the absence of in-person contact between
participants and study team members. Recruitment for both
studies occurred using multiple approaches. Foremost, eligible
individuals received an introductory letter cosigned by their
physician provider, such as a physician or nurse practitioner to
introduce the research study, accompanied by a brochure,
contact information, and a stamped postcard to decline
participation. Individuals who did not return the postcard within
2‐4 weeks received a telephone call as described by the letter.
Participants also self-referred, having learned about the study
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from their physicians or material placed in clinic settings. Those
interested in participating underwent telephone-based screening
to verify appropriateness for the trial and review of the inclusion
and exclusion criteria summarized in, Textbox 1. If eligible,

potential participants scheduled a baseline interview and were
then mailed the informed consent and materials for the baseline
visit.

Textbox 1. Inclusion and exclusion criteria.

Inclusion criteria

• Adult, age≥18 years.

• Diagnosis of AF, identified from the electronic health record problem list with confirmation by previous electrocardiogram.

• Prescribed use of warfarin or direct-acting oral anticoagulant for thromboembolic stroke prevention.

• English-speaking at a a level appropriate for informed consent and study participation.

• Residence is defined as rural or in metropolitan Pittsburgh, Pennsylvania.

• No plans to relocate within 12 months of enrollment.

Exclusion criteria

• Conditions other than AF that require anticoagulation, such as mechanical prosthetic valve, deep vein thrombosis, or pulmonary embolism.

• Previous electrophysiologic treatment for AF, such as a pulmonary vein isolation.

• Heart failure necessitating hospital admission ≤3 months before study inclusion.

• Acute coronary syndrome (defined as at least 2 of the following: chest pain, ischemic electrocardiographic changes, or troponin≥0.1 ng/mL) ≤3
months before study inclusion.

• Untreated hyperthyroidism or ≤3 months euthyroidism before inclusion.

• Foreseen pacemaker, internal cardioverter defibrillator, or cardiac resynchronization therapy

• Cardiac surgery ≤3 months before inclusion.

• Planned cardiac surgery.

• Presence of noncardiovascular conditions likely to be fatal within 12 months (eg, cancer).

• Inability to comprehend the study protocol, defined by failing 3 times to correctly answer a set of questions during consent.

• A medical disorder, condition, or history that would impair the participant’s ability to participate or complete the study.

Baseline Visit and Randomization
The study team obtained telephone-based informed consent at
the start of the baseline visit. The informed consent outlined
the study schedule, participant burden and compensation, access
to the participant’s electronic health record, privacy and security
protections in place for participant data in the electronic data
management system, and provided contact information for the
principal investigator of the study. In addition to providing
telephone consent, participants returned a signed copy of the

informed consent using a preaddressed, stamped envelope that
accompanied study materials.

Consenting participants were randomized to intervention or
control arms using electronic software [24,25]. Participants
were provided with copies of assessments reproduced in 12- to
14-point font to enhance readability and facilitate their
administration by telephone with trained assessors. All study
materials were provided at a sixth grade reading level to ensure
accessibility to participants. Table 1 lists the assessments
conducted by study visit for both trials.
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Table . Summary of assessments at trial time points (baseline 4, 8, and 12 months) in both randomized clinical trials.

12 months8 months4 monthsBaselineMeasure

✓Demographics (age, sex,
race, and ethnicity)

✓Primary physician for AFa

treatment

✓Transportation (car owner-
ship, driver’s license, and
distance to physician)

✓Mobile device proficiency
and ownership [26]

✓Social and economic (annual
household income, educa-
tion, and marital status)

✓Social network and isolation
[27]

✓Habits (tobacco and alcohol
quantity)

✓Medications. Total number
and schedules

✓AF history (duration and
previous treatments)

✓Health literacy (Newest Vi-
tal Sign) [28,29]

Clinical conditions, comor-
bidities, and depression

(PHQ-8)c [30]

✓✓✓✓PROMISd Self-efficacy [31]

✓✓✓✓Quality of life (AFEQTe and
PROMIS-29) [32,33]

✓✓Telephone Montreal Cogni-
tive Assessment [34]

✓✓✓✓Medication adherence, self-
report [35]

✓✓✓Proportion of days covered
[36]

✓✓✓Health care utilization

✓✓✓New AF therapies and treat-

mentsb

✓Qualitative interviews (rela-
tional agent, WebMD, and
Kardia)

aAF therapies: pharmacologic or electrical cardioversion, electrophysiologic procedure such as pulmonary vein isolation, or initiation of antiarrhythmic
medication.
bAF: atrial fibrillation.
cPHQ-8: Patient Health Questionnaire.
dPROMIS: Patient-reported Outcomes Measurement Information System.
eAFEQT: AF Effect on Quality of life.

Smartphone Training and Intervention Content
Consented participants received study smartphones accompanied
by training on their use and summary guides on smartphone
and app operation developed for this study specific to the

intervention and control arms. Materials provided to participants
in the rural study and randomized to the intervention are
provided as an Appendix in Multimedia Appendix 1. Training
on smartphone and app use followed a standardized curriculum
and concluded when participants reached capacity to operate
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the phone at a level appropriate for study participation.
Smartphone ownership or digital literacy was consequently not
required for trial participation. Smartphones were programmed
to enable features such as phone calls and texting without the
the capacity for more advanced functions such as downloading
apps. Participants randomized to the intervention arms of the
trials had the relational agent preinstalled on the smartphone
and were provided detailed instructions regarding its use as part
of smartphone instruction.

Relational agents are human-computer interventions adapted
for multiple settings to facilitate education, problem-solving,
and behavioral approaches with patients. Previous work has
demonstrated that such agents are accessible to individuals with
limited health and digital literacy with varied medical conditions
[37-40]. Here, we designed the agent to provide education about
AF; problem-solving regarding intentional and unintentional
nonadherence to medications; preparation for the medical
encounter; and address symptoms common in AF (eg, irregular
or rapid heart rates, dyspnea, and chest discomfort). Relational
agent content was modified for use in a rural or metropolitan
setting. Figure 1 presents the 2 relational agents used in the

trials. Intervention participants also received the AliveCor
Kardia Mobile device [41] for heart rate and rhythm monitoring,
as prompted by the relational agent, to reinforce self-care and
the correlation of symptoms with heart rate and rhythm
assessments.

Participants randomized to the trials’ control arms had the
WebMD (WebMD LLC) app preinstalled on the study-provided
smartphones. Research assistants encouraged participants to
use this application to learn more about AF, its management,
and the tracking of medications and symptoms. Participants in
the control arms of both trials received an informational session
from study team members providing a brief overview of AF
and complications such as stroke, heart functioning, and signs
of an impending stroke derived from American Heart
Association educational materials. To further distinguish the 2
trials, control participants in the metropolitan trial also received
the AliveCor Kardia Mobile device with instruction on its use,
and guidance to use it as for heart rate and rhythm monitoring.
In both studies, heart rate and rhythm obtained using this device
was monitored, categorized, and recorded by the study team.

Figure 1. Visual representation of the relational agents that were used in the rural trial (Panel A) and metropolitan trial (Panel B) by intervention
participants.
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Trial Outcomes
The trials shared the primary outcome to improve adherence to
oral anticoagulation for thromboembolic stroke prevention in
individuals with AF, as measured by pharmacy claims data
using the proportion of days covered [36] (a validated measure
to quantify medication adherence using pharmacy claims) and
by participant self-report [35]. The secondary outcomes of the
trials were (1) health-related quality of life [42], measured using
the disease-specific AF Effect on Quality of life [33] and general
patient-reported outcomes measurement information system
[32] measures; and (2) health care utilization, as measured by
days of hospitalization and emergency room visits.

Participant Timeline and Data Collection
Both intervention and control applications were used for 4
months. Participants were sent a box with a prepaid label for
returning the study phone and were informed that their second
study payment was tied to a smartphone return. They were
allowed to keep the Kardia Mobile device and received
instruction from the study team on how to connect the device
to their personal smartphone with the caveat that results would
no longer be monitored by the study. Participants underwent
repeat telephone assessments at 4-, 8-, and 12-months with
simultaneous review of the electronic health record for
hospitalization events. To assist with interviewer-administered
phone-based instrument completion, participants were again
mailed the packets of questionnaires summarized in Table 1.

Remote Engagement and Retention
Given the absence of direct, personal contact, the study
developed remote strategies for participant engagement.
Participants received regular newsletters also written at
6th-grade reading level for the duration of the study that
provided additional education about the studies and updates. In
addition, the team mailed birthday cards to participants yearly
throughout the duration of the study. Finally, study participants
were offered the opportunity to participate in qualitative
assessments to further share their experience of AF [43,44].
These sessions were conducted by experienced qualitative
researchers using remote video conferencing software.

Ethical Considerations
The trials described here were registered in clinicaltrials.gov
with registration numbers NCT04076020 and NCT04075994
and were approved by the University of Pittsburgh institutional
review board. All research participants provided informed
consent that allows for secondary analyses without additional
consent. This manuscript used solely deidentified data.
Participants received compensation up to US $150 for
participation across the 4 study visits.

Results

The rural study enrolled 270 participants while the metropolitan
study enrolled 243 participants, in both instances surpassing
enrollment goals. Figure 2 shows the geographic representation
of participants according to their metropolitan or rural status.
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Figure 2. Map of the state of Pennsylvania with metropolitan resident participants in purple and rural participants in orange.

Table 2 summarizes the demographic and social characteristics
of participants in both studies. Each study enrolled >60%
(319/513) women, consistent with the goal of enrolling
individuals with limited participation in clinical trials for AF.
In the rural study, 63.7% (172/270) of participants had an
educational attainment level less than 4-year college, and 48.5%
(131/270) had an annual household income of less than US

$50,000/year. The metropolitan study included 30.5% (74/243)
individuals of Black race, and 46.9% (114/243) of participants
reported an educational attainment of less than 4-year college
with 39.5% (96/243) having an annual household income less
than US $50,000/year. In both studies, over 41% (225/513) of
participants were categorized as having limited health literacy.
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Table . Baseline characteristics of trial participants in rural Pennsylvania and the metropolitan Pittsburgh, Pennsylvania region.

Metropolitan Pittsburgh

(N=243)

Rural Pennsylvania (N=270)Characteristic

71.6 (29.7-89.6)73.1 (40.8-92.2)Age, years, median (min-max)

7.1 (8.1)6.4 (7.7)Years with AFa, mean (SD)

Sex

87 (35.8)107 (39.6)    Male

156 (64.2)163 (60.4)    Female

Race

161 (66.3)257 (95.2)    White

74 (30.5)7 (2.6)    Black

1 (0.4)1 (0.4)    Asian

—4 (1.5)    American Indian or Alaska Native

5 (2.1)—    Multiple/Other

2 (0.8)4 (1.6)    Unknown

Ethnicity

0 (0)5 (1.9)    Hispanic/Latino

240 (98.8)261 (96.7)    Not Hispanic/Latino

3 (1.2)4 (1.4)    Unknown

Education

54 (22.2)91 (33.7)    High School, vocational, or trade school

18 (7.4)37 (13.7)    Vocational or trade School

42 (17.3)44 (16.3)    Some college with no degree

117 (48.1)98 (36.3.)    Associate degree or higher

12 (4.9)—    Unknown

Employment status

39 (16.0)35 (13.0)    Employed, full or part-time

179 (73.7)211 (78.2)    Retired

25 (10.3)24 (8.8)    Other

Annual household income (US $)

29 (11.9)33 (12.2)    <19,999

35 (14.4)52 (19.3)    20,000 to 34,999

32 (13.2)46 (17.0)    35,000 to 49,999

39 (16.0)42 (15.6)    50,000 to 74,999

27 (11.1 )27 (10.0)    75,000 to 99,999

34 (14.0)30 (11.1)    ≥100,000

45 (19.4)40 (14.8)    Do not know

Type of insurance

188 (77.4)227 (84.1)    Private

54 (22.2)41 (15.2)    Public

1 (0.4)2 (0.7)    None

Housing

137 (56.4)185 (68.5)    Ownership

106 (43.6)85 (31.5)    Other status
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Metropolitan Pittsburgh

(N=243)

Rural Pennsylvania (N=270)Characteristic

Marital Status

121 (49.8)187 (69.2)    Married or living as married

45 (18.5)49 (18.2)    Widowed

77 (31.7)34 (12.6)    Separated or divorced

AF, selection of anticoagulant medication

34 (14.0)46 (17.0)    Warfarin

209 (86)225 (83.3)    Direct oral anticoagulant

Health literacy

100 (41.2)125 (46.3)    Limited health literacy

143 (58.8)145 (53.7)    Adequate health literacy

aAF: atrial fibrillation.

Participants randomized to the intervention demonstrated
excellent fidelity regarding the use of the relational agent. Rural
individuals employed the agent for a median of 101 (IQR,
72‐110) days of the 120-day trial. Likewise, those randomized
to the intervention arm of the metropolitan cohort used the agent
for a median of 98 (IQR 58‐109) days of the 120-day trial.
Median days of AliveCor Kardia Mobile device use was 102
(IQR 109‐123) in the rural trial relative to 95 (IQR 62‐109)
in the metropolitan trial. Out of 270, 239 (88.5%) and 218
(89.7%) participants completed 12-month assessments in the
rural and metropolitan trials, respectively.

Phones were returned at 4 months, cleaned, and then reused for
additional participants. Figure 3 graphically summarizes the
distribution of smartphones. Between the 513 participants of
the 2 trials, there were a total of 165 smartphones used with a
median use of 3.3 (range 1‐5) trial participants. In total, 16
phones were lost, stolen, or broken, 5 of which were lost by
mail delivery services, not the participant. In addition, 3 phones
were lost to participants who withdrew or died without returning
the phone to the study.
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Figure 3. Progression of smartphone distribution in the clinical trials.

Discussion

Principal Findings
The decentralized research program described here demonstrates
the successful enrollment of rural and metropolitan individuals
with AF in clinical trials using a mobile health intervention.
Our approach for remote engagement yielded geographic and
racial diversity in study participants that exceeds many AF trials.
Both trials fulfilled enrollment goals with participants
maintaining excellent fidelity to the relational agent intervention
and to the AliveCor Kardia Mobile device. Our studies
consequently affirm the feasibility of conducting remote,
decentralized trials with mobile health interventions, and affirm
the demonstrated capacity of decentralized trials to enhance
participant diversity [45,46].

AF and Mobile Health: In the Context of the Literature
AF is a complex syndrome treated with long-term, possibly
lifelong, oral anticoagulation for stroke prevention, and managed
with subspecialty care and procedures according to professional
society guidelines [42]. Our program aimed to address the
prominent challenges of health literacy, medication adherence,

quality of life, and increased health care utilization that
individuals with AF may experience. Our program was informed
further by the consistent literature demonstrating the prominent
associations of social and structural factors with care processes
in AF and its related outcomes [47,48]. Community-based
studies, registries, and health services analyses have identified
that individuals of non-White race, lower educational attainment,
lower income, and residence in neighborhoods with greater
social deprivation experience more clinical adversity and limited
access to AF-related care than their counterparts [15,16,49-52].
However, social and structural factors are not regularly captured
in the conduct of research related to AF, potentially perpetuating
disparities by precluding assessment of generalizability to
individuals and populations that experience greater social
disadvantage. By enrolling individuals with limited education
and social resources, our program sought to enhance the access
and generalizability of our research program.

Our approach further eliminated geographic and financial
barriers to participation. As the intervention was delivered via
smartphone, we provided smartphones to participants for the
study period along with standardized instruction for their use,
thereby eliminating access to contemporary technology as a
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barrier to trial participation. Our provision of study materials
at a sixth-grade reading level and verbal administration of
surveys by staff further diminished health literacy as an obstacle
to engagement. Telephone-based visits likewise reduced
geographic distance and travel as obstacles to participation. A
further iteration of our programmatic design may include
video-based visits and additional phenotypic characterization
of study participants. Finally, as the literature documents both
the increased adversity in women with AF accompanied by
diminished participation in clinical trials [53-55], we emphasized
the recruitment of women, achieving >60% (319/513)
enrollment of women in both trials.

Promise and Pitfalls of Trials Using Digital
Interventions
Remote trials have promise to implement novel digital
interventions, such as the relational agent used here. Advantages
include the provision of patient-centered education, relevant
monitoring, availability, and increased attention and feedback
to promote self-care. A meta-analysis determined that digital
interventions have the potential to increase medication
adherence–the primary outcome of our studies–by 10% (95%
CI 1.00‐1.22) [56].

Concerns for the implementation of digital trials include
technological literacy, access to services, and sustainability.
Implementation of digital interventions necessitates attention
to digital literacy, addressed here by the provision of
standardized education and staff support regarding smartphone
and device use. Increased dependence on technologies has
necessitated the use of digital devices for communication and
health maintenance but challenges approximately 20% of
individuals reported limited digital literacy in one convenience
sample [57]. In addition, the provision of digital technologies
requires infrastructure for their effective use. Persistent
disparities in Broadband access and coverage present an
additional obstacle to the effective implementation of trials
using digital technologies. Our study, conducted in metropolitan
and rural Pennsylvania, benefited from most participants having
adequate cellular coverage and access to the relational agent
not being dependent on connectivity. Despite providing access
to smartphones, several participants experienced challenges
during the trial such as software updates and complications
during use as is typical for mobile health trials.

The provision of smartphones to participants eliminated
technology access as a barrier to participation. However, we
recognize that such an approach would be challenging to sustain
beyond the duration of the clinical trials described here. More

sustained deployment of mobile health intervention requires
assessment of (1) a budget impact, to appreciate the long-term
costs (including technology infrastructure and maintenance)
and savings of such an intervention and (2) further assessment
of the facilitators and barriers that inform the implementation
process of the intervention. The next steps of our program
include evaluating the implementation process and ascertaining
its cost-effectiveness.

Strengths and Limitations
We recognize several strengths of our programs. We conducted
2 decentralized trials that used a digital health intervention,
exceeding recruitment goals in rural and metropolitan settings.
Intervention participants demonstrated excellent fidelity with
use of the relational agent. Our program also has important,
noteworthy limitations that we consider foremost as pertinent
to generalizability. First, we recognize rurality as highly
heterogeneous and expect that our cohort of rural individuals
is not representative of those in other rural contexts. Second,
the rural trial was primarily White race, reflecting the region’s
demographic composition, but again limiting the generalizability
of our findings to more racially and ethnically diverse
populations. In contrast, the metropolitan study recruited 30%
(74/243) individuals of Black race and hence demonstrated
greater racial diversity. Third, other settings may benefit from
relational agents that are tailored for regional factors such as
culture, traditions, digital services, and social and structural
factors. We recognize the expansion of agent content as a
priority for its implementation in other settings. Together,
location, demographic composition, and relational agent design
contribute to the limited generalizability of our trials. Finally,
the remote design and conduct of assessments by telephone,
albeit eliminating multiple obstacles, may be accompanied by
a decreased opportunity for more extensive participant
characterization and assessments. Remote trial investigators
must balance the potential to eliminate participation barriers
with the capacity to obtain more robust participant phenotyping
and measurements.

Conclusions
We developed a decentralized, remote research program using
a digital intervention. We successfully recruited and enrolled
diverse participants that contrast with the relative geographic
and social homogeneity of many clinical trials for AF. We intend
for our program to provide a roadmap for attaining diverse study
participation in digital interventions in decentralized clinical
trials for chronic cardiovascular and noncardiovascular diseases.
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Abstract

Background: Emergency department (ED) crowding is often attributed to a slow hospitalization process, leading to reduced
quality of care. Predicting early disposition in patients presenting with cardiac issues is challenging: most are ultimately discharged,
yet those with a cardiac etiology frequently require hospital admission. Existing scores rely on single-time-point data and often
underperform when patient risk evolves during the visit.

Objective: This study aimed to develop and validate a real-time deep-learning model that fuses serial 12-lead electrocardiogram
(ECG) waveforms with sequential vitals and routinely available clinical data to predict hospital admission early in ED encounters.

Methods: We conducted a retrospective cohort study using the Medical Information Mart for Intensive Care (MIMIC) IV,
MIMIC-IV Emergency Department module, and MIMIC-IV electrocardiogram module databases. Adults presenting with chest
pain, dyspnea, syncope, or presyncope and at least 1 ECG within their ED stay were included. Two evaluation cohorts were
defined: all stays with ≥1 ECG (n=30,421) and a subset with ≥2 ECGs during the encounter (n=11,273). To predict hospital
admission, we first established 2 baseline models: a tabular model (random forest [RF]) trained on structured clinical variables,
including demographics, triage acuity, past medical history, medications, and laboratory results, and an ECG-only model that
learned directly from raw 12-lead waveforms. We then developed a multimodal deep-learning model that combined ECGs with
sequential vital signs as well as the same static tabular features. All models were restricted to data available during the stay up
to the time of the last ECG. Performance was assessed with stratified 5-fold cross-validation using identical splits across models.

Results: The multimodal model achieved an area under receiver operating characteristic (AUROC) of 0.911 when trained on
all eligible stays. The model predicted disposition after the final ECG was taken, which was a median of 0.3 (IQR 0.2‐5.3) hours
after triage and 4.6 (IQR 2.7‐7.3) hours before ED departure. Baseline models performed worse: the ECG-only model had an
AUROC of 0.852, and the tabular RF had an AUROC of 0.886. In the subset requiring at least 2 ECGs within the stay, ECG-only
reached an AUROC of 0.859, and RF, with the longer interval to chart tabular data, reached a higher AUROC of 0.911. The
multimodal model had an AUROC of 0.924 and outperformed baselines in each cohort (paired DeLong P<.001).

Conclusions: Serial ECGs, when integrated with evolving vitals and routine clinical features, enable accurate, early prediction
of ED disposition in patients presenting with cardiac issues. This open-source, reproducible framework highlights the potential
of multimodal deep learning to streamline ED flow, prioritize higher risk cases, and detect evolving, time-critical pathology.

(JMIR Cardio 2025;9:e80569)   doi:10.2196/80569

KEYWORDS

emergency department; electrocardiography; deep learning; multimodal machine learning; transfer learning; hospital admission
prediction; cardiac presentations; serial ECG; MIMIC-IV; electrocardiogram

Introduction

Chest pain, dyspnea, and syncope are among the most common
emergency department (ED) chief complaints that eventually
result in a cardiac diagnosis [1]. They make up around 16
million encounters yearly in the United States, with chest pain

accounting for almost 11 million visits a year [2-4]. Despite
their cardiac connotation, the majority prove noncardiac:
observational series show that 58.7% of chest pain cases are
discharged with a noncardiac diagnosis, adjudication of an
international dyspnea cohort found cardiac etiology in 47% and
noncardiac causes in the remaining 53% of patients, and only
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7%‐10% of syncope presentations to ED are ultimately
attributed to a cardiac mechanism [5,6]. However, when a
cardiac condition is confirmed, hospitalization becomes far
more likely: more than 80% of acute heart failure presentations
and up to 86% of high-risk syncope cases are admitted, while
admission is far less common for patients whose symptoms are
ultimately noncardiac [7,8].

ED providers typically rely on an initial assessment that includes
history and physical examination, vital signs, cardiac biomarker
tests, and clinical risk scores, such as the emergency severity
index (ESI) triage level or the history, electrocardiogram (ECG),
age, risk factors, and Troponin (HEART; History, ECG, Age,
Risk factors, and Troponin) score [2,9]. However, these
traditional risk stratification tools have important limitations.
Scores such as ESI and HEART are calculated at a single time
point and may not fully reflect evolving patient risk. In practice,
initial risk stratification for possible patients presenting with
cardiac issues can be insufficient, contributing to ED crowding,
which is associated with delayed care, mortality, and generally
poorer patient outcomes [10]. This motivates the exploration
of advanced machine learning (ML) methods that can integrate
multiple data sources and time points to improve predictive
performance.

Recent studies have shown that ML and deep-learning models
can outperform traditional triage and risk scores in predicting
outcomes for patients presenting to the ED. These models often
use triage data in combination with vitals, lab results, free-text
notes, and past medical history (PMH) to successfully predict
general hospitalization or specific critical care outcomes such
as acute coronary syndrome [9,11-24]. Fewer recent studies
include features within the ED stay, including medications
administered, lab tests, and early diagnoses [22-24].

One promising avenue is leveraging deep learning to fuse
heterogeneous data sources, including sequential time-series
data, such as waveforms, for outcome prediction. Many studies
have incorporated ECGs into a disposition model; however,
they use implied ECG findings indicated within physician notes
or a simple flag indicating whether an ECG was abnormal or
conducted [9,15-24]. The implementation of waveforms or more
advanced ECG features remains unexplored. Patients with chest
pain, dyspnea, presyncope, and syncope often undergo ECGs
and vital sign measurements over the course of their ED
evaluation. Important prognostic information may lie in the
trends and changes in these data. Prior work suggests that
sequential data modeling can improve the prediction of patient
outcomes. For instance, Bouzid et al [25] demonstrated that
analyzing serial ECGs can enhance the detection of acute
coronary syndromes: in patients with suspected
non-ST-elevation myocardial infarction, combining the
prehospital ECG with the initial ED ECG and applying an ML
classifier improved diagnostic accuracy and an AI-augmented
model further boosted performance to an area under receiver
operating characteristic (AUROC) score of 0.83.

Our study builds on these advancements by introducing a
multimodal deep-learning approach for early prediction of ED
disposition in adult patients presenting with cardiac-related
complaints. We developed a multimodal deep-learning model
that fuses serial ECG waveforms, sequential vital signs, and
key clinical features to predict, in real time, whether a chest-pain
patient will require hospital admission. The model will predict
disposition after the final ECG available has been taken,
requiring anywhere from 1 to 6 ECGs. In contrast to prior works
that often focus on diagnostic endpoints or use data available
only at presentation, we target the practical outcome of patient
disposition and leverage data collected during the ED stay,
focusing on ECG waveforms, a novel data stream when
predicting ED disposition.

The vast majority of previous studies used private hospital data
that were not available for public use [9,12-15,17-24]. The
Medical Information Mart for Intensive Care IV (MIMIC IV)
is a large deidentified dataset of patients admitted to the ED or
an intensive care unit at the Beth Israel Deaconess Medical
Center in Boston, MA [26-28]. All data used in this project can
be found in the MIMIC-IV, MIMIC-IV Emergency Department
module (MIMIC-IV-ED), and MIMIC-IV electrocardiogram
module (MIMIC-IV-ECG) modules on PhysioNet [26-30].

The aim of this study was to develop and validate a multimodal
deep-learning model that integrates ECG waveforms, sequential
vital signs, and tabular clinical data to predict hospital admission
in real time. We hypothesized that this fusion of modalities
would yield more accurate predictions than conventional
methods. If successful, our approach could improve early
identification of patients with chest pain, dyspnea, and syncope
who require admission (or conversely, those who are safe for
early discharge), ultimately enhancing ED decision-making,
resource use, and patient outcomes.

Methods

Study Cohort
The MIMIC-IV-ED module was filtered to obtain a cohort of
82,907 unique patients with at least 1 mapped ECG from the
MIMIC-IV-ECG module within the duration of an ED stay
[29,30]. ED stays without ECGs were excluded, and 1 stay per
patient was retained.

The cohort was then filtered only to include patients whose
chief complaints contained keywords relating to presyncope,
syncope, dyspnea, and chest pain. After filtering patients with
a disposition other than discharge or admission, 30,421 unique
patients presenting to the ED with possible cardiac-related
symptoms and at least 1 ECG were left in the study (Figure 1).
The number of ECGs per stay and the length of stay before the
final ECG from which the model predicts disposition were
additionally noted as static features.
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Figure 1. Flowchart of study population. ECG: electrocardiogram; ED: emergency department; MIMIC-IV-ECG: Medical Information Mart for
Intensive Care IV electrocardiogram module.
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Feature Extraction

ED Lab Results and Medications (Static)
From MIMIC-IV hospital data, we extracted ED labs and
medications recorded after ED arrival and before the final ECG.
The lab results included were Troponin T, creatinine, lactate,
C-reactive protein, B-type natriuretic peptide, hemoglobin,
potassium, magnesium, and white blood cell count. For each
lab, we derived 4 features: first value, peak value, an abnormal
flag, and a “missing” flag. ED medications were identified
through Pyxis Generic Sequence Number codes, which were
mapped to Enhanced Therapeutic Classification codes and
grouped by their first 6 digits. Each group contributed a binary
feature (38 features). All lab tests and medications were
incorporated as static features and were not modeled sequentially
or imputed, since both missingness and sequence length varied
substantially across patients, making static summarization the
most consistent approach.

PMH (Static)
We included the disposition of the prior visit and the number
of previous stays visible in the MIMIC-IV database. Prior
International Classification of Diseases diagnoses from a
MIMIC hospital visit were binned to Clinical Classifications
Software for International Classification of Diseases, 9th
Revision and Clinical Classifications Software Redefined for
International Statistical Classification of Diseases and Related
Health Problems 10th Revision categories (253 variables).
Outpatient prescriptions in the past year were binned to 7 broad
Enhanced Therapeutic Classification groups.

Other Static Features
Age, sex, and acuity were included along with arrival mode and
chief complaint Boolean operators. We added total counts for
ED medications, prior medications, and prior diagnoses.

Vitals (Sequential)
We incorporated temperature, heart rate, respiratory rate, oxygen
saturation, systolic and diastolic blood pressure, and pain
recorded before the final ECG. All vitals taken at triage were
included, as well as vitals drawn throughout the ED stay, with
chart time before the last ECG for that stay. All vitals except
for pain were nonmissing at triage but contained a large number
of missing values when later charted during the stay. Missing
vitals, excluding pain, were imputed using a Bayesian

Regression formula fit on the training set per fold. Missing flags
were created for each vital to note whether the vital was initially
missing before imputation. Two additional columns were added,
stating whether the patient was sleeping or unable to answer
based on the string value of pain.

ECG Feature Extraction
In order to best implement ECGs for the downstream task of
predicting hospitalization, an AI model was used to encode a
lower dimensional ECG feature vector. Specifically, a
one-dimensional residual neural network model (ResNet-18)
was chosen due to its ability to learn discriminative temporal
and spatial features from high-dimensional ECG signals while
avoiding vanishing gradients through skip connections. The
network takes in an ECG with 5000 samples (500 Hz for 10
seconds) for each of the 12 leads and outputs one singular
512-dimensional feature vector. In the first approach, the
ResNet-18 was initialized for hospitalization prediction with
random weights. In the second, it was first trained on a larger
ECG dataset with labels unrelated to ED disposition, to capture
general waveform structure and patterns. Training beforehand
allows the network to initialize with physiologically relevant
weights, enhancing feature extraction of QRS-T morphology
and inter-lead patterns, while significantly reducing overfitting
through faster convergence and freedom to freeze layers.
Reduced overfitting may be important given the added
complexity of the multimodal architecture.

As shown in Figure 2, the full MIMIC-IV-ECG dataset was
used as a means of supervised pretraining, in which each ECG
waveform was used as an input to predict MIMIC machine
measurements and machine-generated reports. These
measurements and reports are provided on the MIMIC-IV-ECG
module for every available ECG. Machine measurements reflect
quantitative ECG characteristics across all leads, including the
average RR interval, QRS axis, T-axis, and several more.
Machine-generated reports are stored as strings in columns
labeled report 1 through report 17, with example strings being
“Atrial Fibrillation,” “ST-elevation,” or “Normal ECG.” After
one-hot encoding, 3129 columns were initially created. After
removing labels that had too few positive instances, along with
combining truth values of columns with slight syntax variance
or similar clinical significance, such as “ventricular pacing” and
“ventricular-paced rhythm,” 82 unique Boolean features
remained.
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Figure 2. Flowchart of supervised pretraining workflow for the transfer-learning approach. D: dimensional; ECG: electrocardiogram; MIMIC-IV-ECG:
Medical Information Mart for Intensive Care IV electrocardiogram module; ResNet-18: residual network model.

Before training, all ECGs were cleaned using the Neurokit2
signal processing library [31]. A one-dimensional ResNet-18
model was trained to predict both numeric and Boolean features
corresponding to each of the total 7,57,754 ECGs. Mean squared
error was used to evaluate the loss of numeric features (machine
measurements), and binary cross-entropy (BCE) was used to
evaluate the loss of Boolean features (machine-generated
reports). The total loss function represented the mean squared
error loss added to the BCE loss multiplied by 9 (due to far
more Boolean labels than numeric).

Prediction Model

Multimodal
A multimodal model trained on sequential ECG waveforms,
sequential vitals data, and 353 static variables was built to
predict hospitalization in patients presenting to the ED. The
model used all data gathered during the stay before the final
ECG. The model was trained on all stays as well as on a subset
of stays containing at least 2 ECGs to quantify the importance
of sequential ECGs and more available data within the time
window.

Raw 12-lead ECGs were first cleaned with NeuroKit2 and
subsequently one-dimensional ResNet-18 initialized with
random weights or the ResNet-18 that had been trained on the
larger MIMIC-IV-ECG dataset (757,754 recordings). In the
transfer-learning approach, ResNet-18 layers through block
layer3 were frozen: only layer4 and the linear adapter were
trained during finetuning. The final global-average-pooling
layer of the backbone was replaced with a linear adapter so that
each waveform was mapped to a fixed-length, 512-dimensional
embedding.

For every ED stay we retained, in temporal order, all ECGs
recorded before the clinical disposition decision (maximum 6
per stay) and all vital sign rows charted before the last ECG
(maximum 10 per stay). The ECG and vital embeddings were
first stacked and padded to match the maximum length. As
shown in Figure 3, 2 independent, single-layer gated recurrent
units (GRUs) were used to summarize these sequences. Before
being passed to the GRU, padded batches were converted to
PackedSequence objects, ensuring the recurrent unit was
unrolled only over the valid timesteps and ignored the artificial
zero-padding. The time before the final ECG was added as an
extra time-delta channel in the embeddings of each ECG and
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vitals sequence. The ECG GRU read the sequence of
513-dimensional embeddings and returned a 128-dimensional
hidden state hECG; the vitals GRU processed a 17-variable vector
at each timestep—7 z-scored physiological values, 1 time-delta

channel, and 9 binary mask indicators denoting whether the
original measurement had been missing, as well as unable or
sleeping for “pain”—and produced a similar 128-dimensional
summary hVITALS.

Figure 3. Diagram of the multimodal model architecture approach to predict hospitalization in the full and subset cohorts. D: dimensional; ED:
emergency department; PMH: past medical history; ReLU: rectified linear unit; ResNet: residual network model.

All 353 static features were concatenated, normalized with the
mean (SD) calculated on the training set, and projected by a
fully connected layer with rectified linear unit activation to a
256-dimensional vector s.

The 3 modality-specific representations were then fused through
simple concatenation,
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z = [ hECG|| hVITALS || s ]  512 , followed by an additional dropout
layer (rate=0.30) and a single neuron that yielded the estimated
probability of hospital admission p̂ ∈ (0,1).

Model parameters introduced during this study were optimized

with AdamW (weight decay 10–4 at a learning rate of 3 × 10–4

[32]; the adapter atop the ECG encoder was updated at 10–4.
BCE with class weighting was used as the optimization
objective.

Baseline
To measure the effect of ECGs alone in predicting disposition,
separate models were trained on only ECG features. The
ECG-only model used the same parameters and architecture as
the multimodal ECG branch.

Random forest (RF) is an ML algorithm that combines
predictions from an ensemble of decision trees to produce 1
final classification. An RF was constructed solely on the 353
static tabular features as a baseline to the multimodal
architecture. Both the ECG-only and tabular baseline models
were evaluated in the full cohort (“all stays”) and in the ≥2-ECG
subset using the exact stratified 5-fold cross-validation splits
from the multimodal pipeline.

Model Evaluation
Three models (multimodal, tabular, and ECG-only) were
evaluated on the full cohort of all stays and on the ≥2-ECG
subset. Across cross-validation folds, the mean AUROC, area
under the precision-recall curve, F1-score, precision, and recall
were reported. Thresholds for F1-score, precision, and recall
were selected using a nested procedure that maximized F1-score
on training folds and applied it to the validation fold. Pairwise
AUROC differences between models were tested with the
DeLong method.

Ethical Considerations
This study used deidentified data from the PhysioNet MIMIC-IV
database under a data use agreement. Because the data are fully
deidentified, the study was determined to be exempt from
institutional review board (IRB) review, and informed consent
was waived in accordance with applicable regulations. All data
handling complied with relevant privacy and data protection
standards, and no identifiable personal information was
accessed. No participant contact or compensation occurred. This
research was conducted in accordance with the ethical standards
of the institutional and national research committees and with
the 1975 Declaration of Helsinki (as revised in 2000).

Results

ED Timing Analysis
Of the 30,421 ED stays included in our analysis, 11,273 (37.1%)
involved stays with ≥2 ECGs (Table 1). In the full cohort, the
model issued its prediction a median of 0.3 (IQR 0.2‐5.3)
hours after triage, leaving a median of 4.6 (IQR 2.7‐7.3) hours
before the patient physically left the ED. Note that these medians
are calculated independently and therefore do not sum to the
overall median length of stay. As a result, disposition was
predicted in the first 18 minutes for most visits, but for the upper
quartile, the model leveraged data gathered more than 5 hours
into the encounter. In the ≥2 ECG subset, the model predicted
disposition far later, with a median of 6.5 (IQR 4.3‐9.8) hours
after triage. The median time from prediction to disposition was
also shorter than the full cohort, at 3.4 (IQR 1.7‐9.1) hours.
However, the 75th-percentile (Q3) prediction lead time exceeded
9 hours, meaning the model anticipated disposition more than
9 hours before the actual decision. This subset also had a longer
overall ED length of stay (median 9.5, IQR 6.9‐17.8 hours vs
6.5, IQR 4.3‐9.8 hours in the full cohort). Because the ≥2 ECG
cohort had more ECGs taken and the model predicts disposition
after the final ECG, it often took more time to reach the final
ECG.
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Table . Baseline characteristics and measurements in all versus ≥2-ECGa cohorts.

≥2 ECG stays (n=11,273)All stays (N=30,421)Metricsb

4070 (36.1)13,138 (43.2)Admit, n (%)

2.2 (0.6)2.3 (0.6)Acuity, mean (SD)

61.7 (16.3)57.1 (19.8)Age (years), mean (SD)

ECG metrics

2.30 (0.64)1.48 (0.74)Number of ECGs, mean (SD)

11,273 (100)11,273 (37.1)≥2 ECGs, n (%)

2538 (22.5)2538 (8.3)≥3 ECGs, n (%)

3.4 (1.7‐9.1)4.6 (2.7‐7.3)LOSc after final ECG (hours), median (IQR)

6.5 (3.9‐7.7)0.3 (0.2‐5.3)LOS before final ECG (hours), median (IQR)

9.5 (6.9‐17.8)6.5 (4.3‐9.8)Full LOS (hours), median (IQR)

Laboratory values (first)

0.1 (0‐0.2)0.1 (0‐0.2)Troponin T (ng/mL), median (IQR)

9579 (85)28,376 (93.3)     Missing, n (%)

1.7 (1.3‐2.3)1.7 (1.3‐2.3)Lactate (mmol/L), median (IQR)

9206 (81.7)27,856 (91.6)     Missing, n (%)

0.9 (0.8‐1.1)0.9 (0.8‐1.1)Creatinine (mg/dL), median (IQR)

1177 (10.4)18,327 (60.2)     Missing, n (%)

948.5 (162‐4293.2)1092.5 (180‐4555.8)B-type natriuretic peptide (pg/mL), median (IQR)

9363 (83.1)27,993 (92)     Missing, n (%)

4.2 (3.9‐4.6)4.2 (3.9‐4.6)Potassium (mmol/L), median (IQR)

1170 (10.4)18,340 (60.3)     Missing, n (%)

2 (1.9‐2.2)2 (1.9‐2.2)Magnesium (mg/dL), median (IQR)

8244 (73.1)26,702 (87.8)     Missing, n (%)

Presenting symptoms, n (%)

8519 (75.6)17,898 (58.8)Chest pain

2575 (22.8)9477 (31.2)Dyspnea

983 (8.7)4924 (16.2)Syncope

Summary counts, n (%)

3583 (31.8)21,368 (70.2)No visible EDd medications before final ECG

8157 (72.4)22,074 (72.6)No visible prior medications (past year)

5275 (46.8)15,950 (52.4)No visible prior hospital diagnosis

5591 (49.6)16,594 (54.5)No visible prior ED stay

aECG: electrocardiogram.
bPercentages for all rows are calculated using unique patients as the denominator (N). The values from the selected representative lab measurements
are from tested patients only.
cLOS: length of stay.
dED: emergency department.

Detailed vitals summaries, including missingness counts by
cohort, are shown in Table S1 in Multimedia Appendix 1.

Missing Values
When vitals were charted, only temperature was frequently
missing within 41.8% (28,573/68,371) of vital chartings within

all stays and 55% (25,376/46,098) in the ≥2 ECG subset (Table
S1 in Multimedia Appendix 1). All other vitals were <7%
missing per charting, and many stays had multiple vitals
chartings before the prediction cutoff. Of the 9 lab values this
study accounted for, 6 were entirely missing in more than 90%
(~27,400/30,421) of all patients before the prediction cutoff
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(Table 1). Because the subset included a longer median interval
before the prediction cutoff, the proportion of missing laboratory
results fell for every test. Notably, creatinine dropped from
60.2% (18,327/30,421) to 10.4% (1177/11,273), missing
between the cohorts. PMH within the dataset’s visibility was
very limited. Any prior diagnoses and ED stays were each
completely missing in more than half of the total patients. A
total of 72.6% (22,074/30,421) of patients had no visible
medications prescribed to them in the past year in the dataset.

ECG Feature Extractor
Compared with random initialization, supervised transfer
learning of the ResNet-18 did not yield statistically significant

improvements in predictive performance. However, supervised
pretrained models consistently converged faster and achieved
marginally higher metrics in the ≥2 ECG subset. Accordingly,
all reported results used the transfer-learning approach.

Model Evaluation
Using a partially frozen pretrained ResNet-18 as an ECG
encoder, a multimodal dual GRU fusion net was trained on the
full cohort and ≥2 ECG subset to predict hospital admission.
For comparison, an ECG-only variant (same encoder and GRU
using only raw 12-lead waveforms) and a tabular-only RF were
trained for the same task. Performance is shown in Table 2.

Table . Performance metrics for ECGa-only, multimodal, and tabular random forest models. Evaluations use an identical time cutoff across models
and are stratified by cohort (all stays; ≥2 ECGs). Expected calibration error was computed from 10 quantile bins. P values are from paired DeLong tests
versus the multimodal model. Metrics are mean values across the 5-fold cross-validation.

P valueECEd, mean (SD)Recall, mean (SD)Precision, mean
(SD)

AUPRCc, mean
(SD)

AUROCb, mean
(SD)

Models

All stays

<.0010.034 (0.018)0.803 (0.036)0.698 (0.034)0.813 (0.005)0.852 (0.003)ECG only

<.0010.024 (0.004)0.830 (0.014)0.745 (0.017)0.849 (0.006)0.886 (0.003)Tabular (RFe)

—f0.026 (0.008)0.839 (0.046)0.784 (0.041)0.889 (0.005)0.911 (0.004)Multimodal

≥2 ECG stays

<.0010.053 (0.018)0.760 (0.038)0.674 (0.029)0.794 (0.017)0.859 (0.011)ECG only

<.0010.039 (0.008)0.813 (0.013)0.774 (0.016)0.865 (0.014)0.911 (0.006)Tabular (RF)

—0.040 (0.024)0.808 (0.024)0.807 (0.030)0.889 (0.016)0.924 (0.009)Multimodal

aECG: electrocardiogram.
bAUROC: area under receiver operating characteristic.
cAUPRC: area under the precision-recall curve.
dECE: expected calibration error.
eRF: random forest.
fNot applicable.

The multimodal model in the multiple ECG subset yielded the
highest metrics, with an AUROC of 0.924. The tabular RF
model yielded slightly lower metrics (AUROC=0.91). Across
cohorts, the AUROC of the ECG-only model differed by as
little as AUROC of 0.007, suggesting that additional information
from prior ECGs in the same stay does not improve prediction
by a significant margin. In the all-stays cohort, where predictions
were made much earlier in the ED course, the performance gap
between the random forest and multimodal models was larger:
AUROC 0.886 versus 0.911 (P<.001). These findings indicate
that combining ECG waveforms with vitals provides the largest
benefit when static tabular data, such as lab results, are sparse
early in the encounter.

Static Feature Importance
The 10 static features with the highest mean feature importance
in both cohorts for the tabular RF model are displayed in Figure
4. All 4 features corresponding to Troponin were included in
the top 10 in the multiple ECG subset, but none appear in the
full cohort of all stays. The greater importance of lab values in
the multiple ECG subset is most likely due to less missing lab
data, as the median cutoff for prediction later. The length of
stay prior to prediction and the patient’s age remain the most
important features within both cohorts. In the full cohort, PMH
and acuity were given more importance.
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Figure 4. Two bar graphs showing mean feature importance across 5 folds for both cohorts. BNP: B-type natriuretic peptide; ECG: electrocardiogram;
ED: emergency department; PMH: past medical history.

We also conducted an ablation study evaluating a tabular RF
trained on only the top 10 static features (vs all 353). On the
multi-ECG subset, the reduced model achieved an AUROC of
0.862 compared to 0.911 with the full feature set. On the full
cohort, performance decreased from 0.886 to 0.841 when limited
to 10 features.

Discussion

Principal Findings
In this study, we developed a multimodal deep-learning model
that integrates sequential ECG waveforms and vital signs, along
with static tabular features, to predict hospitalization in real
time for patients presenting to the ED with possible cardiac
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presentations. Our results show that ECGs can also be used
alone to predict disposition, but are best used in combination
with vitals and other commonly implemented static features
such as lab results, medications administered, prior medical
history, and triage data. The primary operational value of
multimodal fusion appears early when tabular data are sparse,
whereas later in the visit, a simpler tabular model may achieve
comparable discrimination at lower implementation cost.

The multimodal model that required at least 2 ECGs achieved
the highest performance of AUROC of 0.924 in predicting
hospitalization. This model predicted a disposition of 3.4 (IQR
1.7‐9.1) hours in advance on the median, but more than 9
(median 9.5, IQR 6.9‐17.8) hours in advance for the top 25th
percentile with high accuracy. However, a median of 6.5 (IQR
3.9‐7.7) hours was spent in the ED before this model reached
a prediction. The RF built from tabular data achieved a slightly
lower AUROC of 0.911. As the ECG-only model’s performance
did not improve significantly with more ECGs, the higher
AUROC in the ≥2 ECG subset for the multimodal and RF
models is most likely due to the more lenient cutoff to chart lab
results and ED medications before prediction.

When trained on all-stays (median prediction time less than 20
minutes after triage), the multimodal architecture yielded
significantly higher metrics in comparison to tabular and
ECG-only models. Incorporating additional data streams such
as waveforms and vitals can lead to better and more reliable
hospitalization predictions when traditional clinical data are
sparse.

Comparison With Prior Work
Our ECG-based prediction models substantially outperform
conventional triage tools such as the nurse-assigned ESI level,
which typically achieves AUROCs in the 0.69‐0.70 range and
is at par with or better than many prior ML models that used
only triage-time data [11]. For example, Raita et al [11] reported
an AUROC of 0.82 for a deep neural network predicting
hospitalization using initial-only triage information, and Hong
et al [12] similarly found approximately 0.87 using triage data
with extreme gradient boosting and a neural network. In
addition, Hong et al [12] also created extreme gradient boosting
and deep neural network models, which reached an AUROC of
0.92, implementing PMH and triage data to predict hospital
admission at the beginning of the ED stay. Their approach is
further discussed in the limitations section of this study.

Some studies make use of data after triage to predict disposition.
Barak-Corren et al [24] achieved high performance
(AUROC=0.97 within 1 h of triage) using logistic regression
on standard demographic, triage, medication, lab, vital, and
PMH data in a single-site Israeli ED. However, they train their
logistic regression model to predict disposition on a per-visit
basis, while we provide a per-patient approach, a more
challenging task because there is no patient overlap within the
train and validation cohort. Sezik et al [22] used similar data
(lab results, history, and triage variables) in combination with
vitals and other features extracted from text to reach an AUROC
of 0.960 with an RF classifier. However, they do not incorporate
a cutoff time and use features conducted throughout the entire
ED stay, including the length of stay. In contrast, our study

stops feature collection after a given ECG in order to predict
later changes in a patient presenting with a cardiac condition
and provide an early hospitalization prediction as opposed to
serving as an aid to decide disposition at the end of the stay.

Importantly, our approach maintained high accuracy despite
the broad outcome of general hospital admission, which includes
many noncritical cases; this is notable because prior ML studies
in chest pain often focused on narrower critical events. For
instance, a recent study targeted only critical care outcomes
such as ED cardiac arrest or intensive care unit transfer and
achieved an AUROC of ~0.95 with a tailored Least Absolute
Shrinkage and Selection Operator logistic model [13]. The fact
that we still attained strong performance (AUROC=0.911 and
0.924) for a broader outcome of hospitalization for any reason
underlines the effectiveness of our multimodal fusion strategy.
Using the MIMIC-IV-ED and MIMIC-IV-ECG modules (which
include more than 400,000 ED stays and 800,000 ECGs,
respectively) ensured that our work is widely reproducible
[29,30]. This reproducibility and open-source approach contrasts
with many prior ED prediction studies that relied on proprietary
data not available to outside researchers [9,12-15,17-24]. By
creating our model from a public database, we demonstrate the
feasibility of developing advanced prediction tools using open
data.

Limitations and Future Work
This study has several limitations. First, all data used to train
the model are specific to the single-center MIMIC-IV database
from the Beth Israel Deaconess Medical Center. This limits
generalizability, as the model may overfit to site-specific
patterns in the high-dimensional input space. Thus, external
validation is needed. Nonetheless, much of the data used, such
as common 12-lead ECGs, vitals, and standardized eHealth
records, could be readily translated in future multicenter studies
to support broader applicability.

Second, due to exploring the promise of ECG waveforms on
ED disposition, our study relies on the patient presenting with
a possible cardiac condition, which in this case only includes
patients presenting with chest pain, dyspnea, presyncope, and
syncope. These symptoms were chosen as they are the most
common in the ED and are predominantly cardiac in origin, in
contrast to less frequent and more heterogeneous complaints
such as palpitations. In addition, all included patients received
at least 1 ECG, and although it is standard for patients with
possible cardiac symptoms to promptly receive an ECG, this
could still affect the model’s generalizability. Future work
should test whether expanding the cohort further broadens the
model’s applicability.

Third, many variables were largely missing, including more
than 90% of most labs tested and 41% to 55% of temperature
readings when vitals were charted. As opposed to the 0.92
AUROC neural network proposed by Hong et al [12], which
contained full patient medical records and a comprehensive
PMH of each patient, we only included past history visible
within the MIMIC-IV and MIMIC-IV-ED modules. Overall,
72.6% (22,074/30,421) of patients in our study set had no prior
medications, 52.4% (15,950/30,421) had no prior diagnoses,
and 54.5% (16,594/30,421) had no prior ED stays. PMH
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recorded at another hospital was not visible. Considering the
value shown by incorporating a comprehensive PMH in
predicting disposition, our model performance could
significantly benefit from having access to more prior diagnoses,
medications, and ED stays.

Finally, like most disposition models, our model treats the
disposition recommended by the ED provider as a truth label.
Thus, our model may be, to some extent, learning institutional
decision policies that can vary across hospitals in addition to
patient physiology. The fact that “Length of stay prior to
prediction” was the most predictive static variable likely reflects
a confounding effect. Longer ED stays often indicate physician
uncertainty or patient complexity, meaning the model may
capture care processes as well as outcomes. Although
discrimination was highest in the ≥2-ECG subset, its prediction
was issued a median of 6.5 (IQR 4.3‐9.8) hours after triage
(~3.4 hours before ED departure), which may limit clinical use
for throughput and flow optimization.

In practice, the model would run automatically after each ECG,
showing a calibrated admission probability and risk band in the
EHR as a banner alert. The model could also be rerun with new
vitals or lab measurements, which are automatically entered
into the patient’s record. At inference, the system runs only
forward passes through a 1D ResNet-18 encoder and small

GRUs, making it suitable for near-real-time usage. We envision
it as decision support that complements existing scores early in
the visit, with a tiered strategy where a simpler tabular model
can suffice later, once more labs and medications are available.
Future work should explore including more data modalities in
a time-series format and possibly leaving the cutoff for
prediction variable throughout updates in lab testing, vitals, and
diagnostic tools such as an ECG. Incorporating novel data
streams, such as the ECG with a more complete PMH, could
lead to a far better prediction as well. Improving model
interpretability, especially within deep-learning models, is also
crucial to gain clinician trust and improve decision-making in
the ED.

Conclusions
We developed and validated a multimodal deep learning model
that combines ECG waveforms, vital signs, and static clinical
features to predict hospital admission in patients presenting to
the ED with potential cardiac complaints. The model achieved
a higher AUROC than both ECG-only and tabular-only baselines
and issued predictions at the time of the final ECG, a median
of 0.3 (IQR 0.2‐5.3) hours after triage. These findings suggest
that integrating ECG waveforms with sequential and static data
may enhance early risk stratification in the tested patient
population. Future external validation is required to assess
generalizability.
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Introduction

Women in medicine face significant barriers to compensation,
career advancement, and research support, even when
controlling for specialty, age, and/or clinical experience [1].
These barriers are especially pronounced in cardiology, where
women comprise only 15% of practicing cardiologists and are
less likely to be clinical trial leaders or present late-breaking
trials at major cardiovascular conferences [2-4]. Social media
platforms, such as X (formerly Twitter), can foster collaboration,
mentorship, and promotion of research [5,6]. However, studies
examining X’s impact on existing gender gaps are limited. In
this study, we aimed to analyze differences between X users
and non–X users and differences in X use by gender among
adult cardiologists.

Methods

Ethical Considerations
This cross-sectional study was exempt from ethical approval
by the Cedars-Sinai institutional review board due to the use of
publicly available data.

Study Design
The top 20 U.S. News Best Hospitals for cardiology, heart
surgery, and vascular surgery were identified from the 2023
ranking (Table 1) [7]. Available physician website profiles of
fellowship-trained adult medicine cardiologists were manually
reviewed by 3 investigators (MS, HT, and OP) for inclusion,
and demographic information was collected (eg, academic
appointment, apparent gender, and medical school and
fellowship graduation years). Physicians were evaluated for the
presence of an X account, and public data were manually
collected between December 8, 2023, and May 9, 2024.
Differences between non–X users and X users and between
women and men X users were compared, using Wilcoxon
rank-sum tests for continuous variables and chi-square or Fisher
exact tests for categorical variables as appropriate.
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Table . Top 20 U.S. News Best Hospitals for cardiology, heart surgery, and vascular surgery (2023 ranking).

Physicians on X (n=753), n (%)Total physicians (N=2022), n (%)StateInstitution name

73 (9.69)143 (7.07)MassachusettsBrigham and Womens

22 (2.92)56 (2.77)CaliforniaCedars Sinai

51 (6.77)126 (6.23)Florida and OhioCleveland Clinic

35 (4.65)102 (5.04)MarylandJohns Hopkins

33 (4.38)64 (3.17)TexasHouston Methodist

27 (3.59)117 (5.79)New YorkLenox Hill at Northwell

57 (7.57)100 (4.95)MassachusettsMassachusetts General

68 (9.03)156 (7.72)MinnesotaMayo Clinic Rochester

64 (8.50)201 (9.94)Florida, New Jersey, and New YorkMount Sinai

15 (1.99)54 (2.67)New YorkNewYork-Presbyterian Hospital
Columbia and Cornell

20 (2.66)164 (8.11)New YorkNYU Langone Hospitals

15 (1.99)93 (4.60)New YorkNorthwell Northshore

47 (6.24)112 (5.54)IllinoisNorthwestern

22 (2.92)44 (2.18)IllinoisRush University

45 (5.98)88 (4.35)CaliforniaStanford Hospital

5 (0.66)14 (0.69)TexasTexas Heart Institute at Baylor

29 (3.85)76 (3.76)CaliforniaUniversity of California, Los Ange-
les

38 (5.05)77 (3.81)TexasUT Southwestern

58 (7.70)134 (6.63)PennsylvaniaUniversity of Pennsylvania

29 (3.85)101 (5.00)TennesseeVanderbilt

Results

In total, 2022 cardiology physician profiles were analyzed;
37.61% (n=753) were on X, and 63.39% (n=1269) were not on
X. Compared to nonusers, X users had a higher proportion of
women (240/753, 31.87% vs 269/1269, 21.20%), higher
academic faculty appointments, and a greater number of
advanced degrees (all P<.001). Women and men X users had
similar total practice durations (counted from fellowship training
completion until 2024; median 10, IQR 1-45 y vs median 12,
IQR 1-48 y; P=.14), but women’s practice durations since
joining X were significantly lower (median 6.4, IQR 5-11 y vs
median 7.8, IQR 5-10 y; P<.001). After adjusting for the number

of years on X, women and men showed similar numbers of
followers (median 71.46, IQR 24.8‐180.84 vs median 78.05,
IQR 24.96‐197.33 per year on X; P=.68) and posts (median
29.1, IQR 5.06‐102.47 vs median 28.04, IQR 5.22‐111.15
per year on X; P=.98), but women had higher levels of
self-engagement (number of users followed: median 42.11, IQR
16.8‐84.77 vs median 31.9, IQR 11.48‐70.4 per year on X;
P=.02; number of liked posts: median 112.52, IQR 16.58‐430.1
vs median 64.49, IQR 6.94‐318.98 per year on X; P=.02; Table
2). Per a thematic analysis of biographical text, women were
more likely than men to mention being a parent (48/239, 20.08%
vs 64/513, 12.48%; P=.006), but there was no significant
difference in mentions of jobs (P=.36) or hobbies (P=.89; Table
2).
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Table . Characteristics and demographics of top hospital cardiologists on X, stratified by gender.

P valuebWomen on X
(n=240)

Men on X (n=513)P valueaOn X (n=753)Not on X (n=1269)Variable

.72<.001Geographic region, n (%c)

119 (49.58)245 (47.76)364 (48.34)741 (58.39)Northeast

57 (23.75)130 (25.34)187 (24.83)249 (19.62)Midwest

37 (15.42)69 (13.45)106 (14.08)155 (12.21)South

27 (11.25)69 (13.45)96 (12.75)124 (9.77)West

—d<.001Gender, n (%c)

——513 (68.13)1000 (78.8)Men

——240 (31.87)269 (21.20)Women

.06<.001Faculty type, n (%c)

56 (23.33)135 (26.32)191 (25.37)347 (27.34)Not explicitly listed

18 (7.5)21 (4.09)39 (5.18)97 (7.64)Instructor/clinician

78 (32.5)149 (29.04)227 (30.15)441 (34.75)Assistant

53 (22.08)100 (19.49)153 (20.32)208 (16.39)Associate

35 (14.58)108 (21.05)143 (18.99)176 (13.87)Professor

.11<.001Number of leadership titles, n (%c)

121 (50.42)239 (46.59)360 (47.81)840 (66.19)0

82 (34.17)159 (30.99)241 (32.01)306 (24.11)1

26 (10.83)85 (16.57)111 (14.74)95 (7.49)2

11 (4.58)30 (5.85)41 (5.44)28 (2.21)≥3

<.001<.001Subspecialty, n (%c)

80 (33.33)133 (25.93)213 (28.29)552 (43.53)General

22 (9.17)90 (17.54)112 (14.87)226 (17.82)Interventional

53 (22.08)68 (13.26)121 (16.07)193 (15.22)Imaging

12 (5)12 (2.34)24 (3.19)31 (2.44)Congenital

43 (17.92)78 (15.2)121 (16.07)91 (7.18)Heart failure

11 (4.58)84 (16.37)95 (12.62)138 (10.88)Electrophysiology

19 (7.92)48 (9.36)67 (8.9)37 (2.92)Other

Dual degree, n (%c)

.34<.001PhD

215 (89.58)447 (87.13)662 (87.92)1183 (93.22)No

25 (10.42)66 (12.87)91 (12.08)86 (6.78)Yes

.71<.001    MS

215 (89.58)464 (90.45)679 (90.17)1220 (96.14)No

25 (10.42)49 (9.55)74 (9.83)49 (3.86)Yes

.55<.001    MPH

219 (91.25)461 (89.86)680 (90.31)1226 (96.61)No

21 (8.75)52 (10.14)73 (9.69)43 (3.39)Yes

.76.24    MBA

237 (98.75)503 (98.05)740 (98.27)1255 (98.9)No

3 (1.25)10 (1.95)13 (1.73)14 (1.1)Yes
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P valuebWomen on X
(n=240)

Men on X (n=513)P valueaOn X (n=753)Not on X (n=1269)Variable

.14<.001Practice duration (years)

10 (1‐45)12 (1‐48)11 (6‐21)21 (12‐31)Median (IQR)

53 (31.18)117 (68.82)249 (62.09)152 (37.91)Overall: <9; physi-
cians on X: <7, n

(%e)

89 (36.78)153 (63.22)174 (39.19)270 (60.81)Overall: ≥9 and
<17; physicians on
X: ≥7 and <11, n

(%e)

54 (30.51)123 (69.49)143 (32.87)292 (67.13)Overall: ≥17 and
<28; physicians on
X: ≥11 and <21, n

(%e)

44 (26.83)120 (73.17)85 (19.14)359 (80.86)Overall: ≥28;
physicians on X:

≥21, n (%e)

X use variables (publicly available), median (IQR)

<.0016.39 (5.06‐10.11)7.80 (5.30‐11.34)———Time on X (years)

.6871.46 (24.8‐
180.84)

78.05 (24.96‐
197.33)

———Average number of
followers per year
on X

.0242.11 (16.8‐
84.77)

31.90 (11.48‐
70.40)

———Average number of
people followed per
year on X

.9829.10 (5.06‐
102.47)

28.04 (5.22‐
111.15)

———Average number of
tweets per year on
X

.962.20 (0.26‐10.78)2.27 (0.26‐10.38)———Average number of
media posts per
year on X

.02112.52 (16.58‐
430.1)

64.49 (6.94‐
318.98)

———Average number of
liked posts per year
on X

Thematic content of X biography, n (%c)

.36—    Job Roles

39 (16.32)98 (19.10)——No mention

200 (83.68)415 (80.90)——Mention

.48—    Specialty

85 (35.56)169 (32.94)——No mention

154 (64.44)344 (67.06)——Mention

.006—    Parent

191 (79.92)449 (87.52)——No mention

48 (20.08)64 (12.48)——Mention

.77—    Spouse

216 (90.38)467 (91.03)——No mention

23 (9.62)46 (8.97)——Mention

.56—    Institution

64 (26.78)148 (28.85)——No mention
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P valuebWomen on X
(n=240)

Men on X (n=513)P valueaOn X (n=753)Not on X (n=1269)Variable

175 (73.22)365 (71.15)——Mention

.89—    Personal interests

206 (86.19)444 (86.55)——No mention

33 (13.81)69 (13.45)——Mention

aNot on X versus on X. The P values were calculated via Wilcoxon rank-sum tests for continuous and ordinal variables and via chi-square tests or Fisher
exact tests for categorical variables, as appropriate.
bMen on X versus women on X. The P values were calculated via Wilcoxon rank-sum tests for continuous and ordinal variables and via chi-square
tests or Fisher exact tests for categorical variables, as appropriate.
cColumn %: these percentages were calculated based on the total n values for the columns of this section.
dNot applicable.
eRow %: these percentages were calculated based on the total n values for the rows of this section.

Discussion

In our analysis of U.S. News Best Hospitals cardiologists, the
proportion of women on X was higher than the proportion of
women non–X users. One possible explanation for this is that
women cardiologists may be seeking novel opportunities for
networking, collaboration, visibility, and/or self-promotion that
are not available through traditional channels [5]. Additionally,
compared to men, women cardiologists had similar
time-adjusted follower counts but liked more posts. This is
consistent with content language analyses demonstrating higher
expected levels of friendliness in women’s professional
communications, including more frequent use of exclamation
points as markers of friendly interaction, which is associated
with increased emotional labor [8,9]. Further, women
cardiologists were more likely to mention being a parent,
suggesting that women may be more comfortable with

highlighting work-life integration factors. This is unsurprising,
as women physicians have joined social media groups discussing
issues such as parenting, maternity leave, and women leadership
in medicine [5]. These observations support efforts to better
understand motivational differences in social media use and
impacts on potential downstream professional benefits.

Our study has several limitations, including institutional
websites being subject to inaccuracy and incompleteness,
currently available X data being more limited compared to prior
studies, limited physician practice type information, and
potential misgendering [10]. However, our findings highlight
the increased presence of women cardiologists on X, with
similar influence to men and higher engagement despite shorter
time on X. These findings suggest an inherent desire to engage
on social media for professional use, though the motivating
factors driving these behavioral differences and their impact on
existing gender disparities warrant further study.
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