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Abstract

Background: Heart rate (HR) is avital 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
isessential.

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 arange of physical activitiesand intensities aswell aswearing 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 absol ute 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 al 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 aWSCV 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 aternative 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
devicesfrom previousresearch, 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
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cardiovascular health, and physiologica responses. HR can
provide early warnings for certain pathological conditions; for

Heart rate (HR) is one of the most commonly measured €<@mple, resting HR is an independent predictor of

physiological parameters in wearables, valued for its ease of Cadiovascular disease, stroke, and sudden desth [1,2]. In
measurement and its role as a key marker of homeostasis, addition, HR is frequently used for assessing physical effort,

Introduction

https://cardio.jmir.org/2025/1/e67110 JMIR Cardio 2025 | vol. 9 | e67110 | p.4
(page number not for citation purposes)


http://dx.doi.org/10.2196/67110
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR CARDIO

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 heathy
adultsand patients[6-10]. A prior validation study demonstrated
that the Polar H10 (H10; Polar Electro Oy) exhibited even higher
accuracy during higher-intengity activitieswith 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-wearabl e devices, which use photopl ethysmography
(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 technol ogies and extensive marketing by manufacturers,
have led to their widespread use. However, the quality of the
datais crucial when monitoring health parametersin real life.
Many users—and even scientists—may rely on these devices
to measure outcomes such asresting HR, training zones, fatigue,
or health issues without verifying the accuracy and reliability
of the measured physiological parameters. Notably, one critical
review showed that morethan half of thetechnologiesreviewed
had not been validated through independent research, with only
5% having been formally validated [13]. As wearable
technol ogies 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, asthese
factors can impact measurement performance [1,15-18].

Furthermore, validation studies often focus on only 1 or afew
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
activitiesthan distal placements such asthe forearm or thewrist,
where movement artifacts are more pronounced and blood flow
islower. For HR monitoring to be applicableto 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
onthe INTERLIVE Network’s expert statement [26], the Polar
Verity Sense (Polar Electro Oy) offers a possible alternative.

https://cardio.jmir.org/2025/1/e67110
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When worn on the upper arm, the Verity Sense sitswell on the
skin, may be less intrusive than a chest strap, and provides
advantages over awrist-worn device dueto 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
resembl e 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 asvariationsin 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
Ingtitute 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/mz.
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 measurementswere 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

JMIR Cardio 2025 | vol. 9 | e67110 | p.5
(page number not for citation purposes)


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

JMIR CARDIO

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 deviceswere activated at least 5 minutes before the protocol
began to alow 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

Schweizer & Gilgen-Ammann

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 al 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].

Figurel. Study protocol with 9 activities with 2-minute breaks in between. This protocol was repeated twice with a20-minute break between sessions.
Lower-intensity activities, such aslying 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 al activities, the median

RPE was 10.0 (7.0).
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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
wearabl e technologies measuring HR [26]. TheH10isincluded
intheir 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 peaksin the QRS
complex—a waveform in an ECG representing ventricular
depolarization and contraction, which corresponds to one full

https://cardio.jmir.org/2025/1/e67110

cardiac cycle) differing by lessthan 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
asampling 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 theforearm 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

JMIR Cardio 2025 | vol. 9 | e67110 | p.6
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logger for the H10 and placed in a small pocket on an elastic  Sense were started in “recording mode’. All data were
belt around the waist. The Vantage V2 were started in the downloaded from the web-based Polar Flow application (Polar
activity mode “other indoor” as no Global Positioning System  Electro Oy).

was needed and different activitieswere performed. The Verity

Figure 2. Placement of the different wearable devices. The H10 chest belt was placed on the chest with a Vantage V2 aslogger on thewaist. A Vantage
V2 was placed on each wrist. A Verity Sense was placed on the upper arm and forearm.
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Other I nstruments

The body heights of the participants were measured using a
stadiometer (model 214; Seca GmbH), and body weight was
measured on acalibrated 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 activitieswere 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
artifactswere quantified. Datawere considered artifactsif they
fell below 30 bpm (typel), if they exceeded 230 bpm (typell),
or if consecutive values differed by 15 bpm (type 111) [40,41].
All artifacts were then removed from the dataset. Fourth, al
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 val ue), root-mean-squared error (RM SE), 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 eval uate the agreement between the criterion
measure and the wearable device [44-46]. The Pearson

https://cardio.jmir.org/2025/1/e67110
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correlation coefficient was interpreted as follows: 0.45 - 0.69
(very poor), 0.70 - 0.84 (paor), 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) criteriaz <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), cal cul ated 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 Consider ations

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 identifierswereincluded in the dataset, and access
to raw data was restricted to authorized researchers only.
Parti ci pants provided written informed consent, which included
permission for their anonymized datato be used in publications
and shared with other researchersfor 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
characteristicsreported 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 |1 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 |11 artifacts were found. In addition,
visual screening led to the overal 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 potentialy 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 | artifacts (upper arm: 36; forearm: 49) and
32 seconds (0.02%) astypelll 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%) datapoints. 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 atotal of 5568 (38.0%) data points. Thisdistribution ensured
comprehensive coverage across all activity typesand intensities.

Accuracy and Reliability

Arm-Worn Verity Sense

Theoverall mean biaswas—0.05 bpm (LoA —5.84 t0 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.
Theresultsindicated 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 differenceswere
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 dlightly 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 RM SE 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. RM SE values for the forearm were higher, with
an overall mean of 7.07 bpm. Pearson correlation coefficients
demonstrated very good to excellent positivelinear 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, especialy 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)
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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% Cl 0.97-0.98),
with decreased agreement during HI I T 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. meang;; —0.14 bpm, SD 0.87
bpm; session 2: meang; —0.07 bpm, SD4 1.70 bpm) and
forearm (W=3081.0, P=.314; session 1. meanyq; —0.61 bpm,
SD it 2.63 bpm; session 2: meany; —1.06 bpm, SD ¢ 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
dlightly higher variability (1.14% for cycling to 9.80% for
postexercise sitting).

Table S1in MultimediaAppendix 1 showsthedetailed 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 dlight
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
waslowest 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 al 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 al other tasks. A dight 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
activitiesfor 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: meang;; 3.72 bpm, SD; 10.96
bpm; session 2: meany; 3.63 bpm, SDg¢ 10.32 bpm) and the
nondominant wrist (W=2852.5, P=.103; session 1. meany;; 3.51
bpm, SD ;s 12.37 bpm; on 2: meany 2.41 bpm, SD ¢ 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 valuesof 10.41%
for the dominant wrist and 10.87% for the nondominant wrist.

Table S1in Multimedia A ppendix 2 showsthe detailed accuracy
and reliability results for the Vantage V2, compared with the
reference for each activity and for each wrist placement.

Discussion

Principal Findingsand Comparison With Prior Work

Arm-Worn Polar Verity Sense

Thisstudy evaluated the accuracy and reliability of thearm-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%). Overal, and
especialy 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). Reliahility was also high, with no significant differences
between sessions and consistently low variability in comparison
with the criterion measure (WSCV 2.57%).

Theoverall trend suggested the highest accuracy and reliability
during activities with elevated mean HR and less arm
movements, while dlightly 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 thefollowing wearable devicestested 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
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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 thisstudy, the Verity Sense outperformed itsown
previous resultsfrom studies conducted between 2022 and 2024,
demonstrating better MAPE values while maintaining similar
regression analysisand CCCs[27-31,48]. These results suggest
that the Verity Senseisahighly 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 acrossthe 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 V 2 across various activities and both wrist
placements (dominant and nondominant). The device had no
missing values or artifacts, suggesting arobust filtering method,
as wrist-worn devices typically experience significant motion
artifactsand 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
activitieswith lower HR and increased motion artifacts exhibited
poorer accuracy. Overal, 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 sessionswere
found, overall reliability was below the acceptable threshold,
with WSCV s 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.
Thisagain highlightstheinfluence of motion artifacts combined
with lower HR (ie, blood flow) on signa 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 dueto thinner skin, underlying bones and tendons,
and reduced blood perfusion, al of whichincreasethelikelihood
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 agorithms. 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,
agood fit onthewrist playsacrucial rolein 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
dightly higher or similar mean absol ute error and MAPE values
but exhibited comparable LoAs and dlightly 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 MAPESsin sitting and weight training compared with the
Fitbit Charge 4 and Samsung Galaxy Watch Active? [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 comparabl etrend was observed when comparing the Vantage
V2 with the Garmin Fenix 6 and the Polar Grit X acrossvarious
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 dightly
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
susceptibleto lower blood flow. In summary, whilethe Vantage
V2 dtill exhibits the typical limitations of wrist-worn sensors,
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itsaccuracy iscomparable with—or even exceeds—that of some
other wrist-worn devices.

Strengths, Limitations, and Recommendations

Thisstudy has several strengths but also faces certain limitations
that warrant consideration. First, while the sample size was
relatively small and homogeneousin terms of health, age (mean
27.4, SD 5.8 years), and BMI (18.5 - 30 kg/m?), 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 awiderange
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,
especiadly in freeliving conditions, the H10 nevertheless
exhibited missing data and artifacts in this study, potentialy
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 till 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 thevalidity of the findings. Fourth, whilethewearing
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 samelimb influences
blood flow and, consequently, HR measurements. Finaly, as
wearabl e technol ogies continueto evolve, continuous validation
across various activities, contexts, and populations will be
crucia 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 acrossawide range of activitiesand
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 aso 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 acompetitive option within its category. These findings
highlight the challenges associated with wrist-worn HR devices
and theimportance of device-wearing position to ensure accurate

Schweizer & Gilgen-Ammann

In summary, for users seeking valid and reliable HR monitoring
across various activities, the Verity Sense presents a strong
aternative 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.

HR measurements.
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ECG: eectrocardiogram

HIIT: high-intensity interval training

HR: heart rate

LoA: limits of agreement

MAE: mean absolute error

M APE: mean absolute percentage error

PPG: photoplethysmography

RM SE: root-mean-square error

WSCV: within-subject coefficient of variation
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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: Thispilot study aimed to eval uate the efficacy and usability of agamified mobile app that used anarrative storytelling
approach to enhance medication adherence among patients following acute coronary syndrome (ACS). The study aimed to assess
changesin 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: Thispilot study suggeststhat agamified 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 el ements while maintaining the positive impact on adherence and beliefs about medication observed in this
study.

(IMIR 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

M edi cation nonadherence isawell-identified health careissue,
particularly for chronic diseases. Poor adherence worsens
clinical outcomes and induces higher downstream
rehospitalization rates as well as a higher use of resources [1].
Degspite the physicians' efforts to convey the importance of the
medications they prescribe, patients till find several intentional
or unintentional reasonsfor deviating from their treatment plan
[2]. Prior research reports that the most common factors
associated with nonadherence are forgetfulness (50%), having
other medicationsto 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
adherenceto the prescribed drug regimen [5]. Patientswith 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]. Patientswith ACS may also
need to take multiple medications, and there is arisk of drug
interactions between them [8]. Moreover, the various
medications used to treat ACS require regular monitoring to
ensure they areworking properly and to monitor the side effects.
Finally, the medications used to treat ACS often require alonger
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 usersto 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 SM S text messaging interventions
toimprove adherenceto medication in chronic diseases showed
that SM Stext message reminders were associ ated 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 advicefor 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
issuesthat may be preventing them from taking their medication
asprescribed. Finally, mobile apps can connect userswith 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 principlesto encourage and motivate
individualsto adopt healthier behaviors. It leveragestechniques
such asrewards, challenges, competition, and progress tracking
to engage usersin activitiesthat promote better health outcomes.
Examplesinclude fitness appsthat award pointsfor completing

https://cardio.jmir.org/2025/1/e50693
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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 medicationsin 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

Thisisapilot 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 participantswho 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 sizesand variability [17]. Thissamplesizeis
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 issuesthat may inform the design of asubsequent,
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.
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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 usfrom ethical approval. Informed consent wassigned
by al 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-Medsis an app created following a participatory design.
Users were involved al aong 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 linksto 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
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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 mechanismis
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 processapproach
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 eventsin
atemporal and causal structure. Therefore, characters can act
asrole 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 isinspired by an annual outing for patientswith 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 avisual path on the app (Figure 1).

JMIR Cardio 2025 | vol. 9 | €50693 | p.18
(page number not for citation purposes)


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

JMIR CARDIO

Ehrler et al

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).
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|
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Sleep evaded him, the weight of the journey
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realized the true significance of this quest—
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Trialix 10

=

For a few days

For 12 months
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more than just an adventure, it was a journey
that would change his life forever.

Close

Users can also test their knowledge about coronary heart disease
and its management through daily quizzes. Finaly, the app
allows usersto evaluate their cardiovascular risk factorsto guide
their lifestyle changes. A more detailed description of the app
and its underlying framework is reported el sewhere [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 sdf-reported
guestionnaire 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 adrug, and concerns about side
effects. The participant then received the mobile app and
received some help if necessary to instal 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 compl etion of asecond 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
guestions based on insights gained from initial data analysis
and literature review (inductive). The selected questions
explored reasonsfor satisfaction and app use and enquired about
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suggestions for improvements. The investigator audio-recorded
the interviews or took session notes for a subsequent analysis.
We also collected dataabout app use from the app |ogs (number
of sessions, duration of session). Due to technical limitations,
thelog datawere only captured when the participant wasonline
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 stetistics 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 iscompared using achi-square
analysis. Analyses were done using Microsoft Excel version
1808.

The study was carried out in French: as there was no validated
trandation available at the time of the study for the SEAMS,
we proceeded with a trandation or back-trandation 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, participantswere 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 | €50693 | p.19
(page number not for citation purposes)


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

JMIR CARDIO

Table. Participant characteristics (n=18).
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Variable Values
Week of program at enrollment (total of 6 weeks), mean (IQR) 2 (1-2.75)
Medications, mean (IQR) 5 (4.25-7.75)
Age category (years), n (%)

35-44 2(11)

45-54 5(28)

55-64 8 (44)

65-74 3(17)
Sex, n (%)

Male 16 (89)

Female 2(1
Educational attainment, n (%)

High school 7(39)

College or higher 11 (62)
Origin, n (%)

Caucasian 14 (78)

Other 4(22)
Private health insurance, n (%)

Yes 12 (67)

No 6(33)
Type of smartphone, n (%)

Android 7(39)

iPhone 11 (61)
Use of appsfor health, n (%)

Wellness 2(1

Medical 6 (33)

None 10 (56)
Current monitored parameter, n (%)

Blood pressure 10 (56)

Weight 7(39)

Physical activity 9 (50)

Diet 6(33)

Blood glucose 2(11)

Usage Pattern

All 18 participantsinstalled and used Smart-Meds successfully.
We seein 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.

https://cardio.jmir.org/2025/1/e50693
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On average, active participants used the app 3.76 (SD 1.28)
sessions per day with atotal of 64.39 (SD 21.55) seconds per
day (Table 2). The highest app use was on thefirst day with an
average of 4.67 sessions per participant of 2.5 minutes duration.
App use dropsrapidly after thefirst couple of daysand 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.

Day of the study Daily user, n Still active participants,n ~ Sessions per active user, App use duration per user
(%) mean (SD) (second), mean (SD)
1 18 18 (100) 4.67 (5.69) 147.98 (267.91)
2 11 13(72) 6.29 (5.55) 89.31 (142.29)
3 8 12 (67) 3.13(2.10) 60.68 (90.08)
4 9 12 (67) 3.89 (2.71) 67.96 (98.49)
5 9 12 (67) 471 (3.77) 74.88 (130.38)
6 9 12 (67) 3.00 (2.00) 85.26 (108.58)
7 6 12 (67) 4.89(3.98) 56.02 (55.53)
8 9 12 (67) 3.22(2.33) 57.05 (52.51)
9 8 12 (67) 2.29 (2.63) 40.92 (44.42)
10 8 12 (67) 4.00 (3.34) 80.94 (84.45)
11 6 12 (67) 3.00 (1.79) 68.02 (61.53)
12 9 12 (67) 457 (1.72) 4253 (39.62)
13 9 12 (67) 5.50 (6.87) 54.11 (60.09)
14 8 12 (67) 5.43 (6.24) 43.88 (44.30)
15 9 12 (67) 4.43 (3.95) 48,54 (60.97)
16 9 12 (67) 2.20 (1.99) 66.43 (80.70)
17 8 12 (67) 3.00 (2.00) 72.16 (62.64)
18 8 12 (67) 6.88 (7.49) 4856 (42.78)
19 8 12 (67) 3.71(1.80) 73.35 (96.89)
20 9 12 (67) 4.50 (4.47) 75.48 (110.52)
21 9 12 (67) 2.00 (1.41) 41.47 (33.05)
22 6 12 (67) 2.33(1.53) 77.99 (55.05)
23 8 12 (67) 2.20 (1.64) 48.77 (35.50)
24 7 12 (67) 4.00 (3.70) 60.96 (65.65)
25 9 12 (67) 3.50 (2.26) 38.39 (50.23)
26 10 12 (67) 2.11(1.17) 77.14 (85.99)
27 10 11 (61) 2.43 (1.40) 52.93 (43.41)
28 8 9 (50) 4.63 (3.66) 76.94 (163.36)
29 8 9 (50) 3.71(2.63) 43.39 (48.26)
30 7 7(39) 2.67 (1.86) 59.55 (47.32)

. adherence scorewas significantly higher after 4 weeks (SEAMS,
Pre-Post Evaluation of SEAMSand BMQ P=.02). Distribution of the SEAMS and BMQ scores can be
Although we did not find asignificant changeinthe assessments  visualized in Figures 2 and 3.

of medical beliefs (BMQ, P=.09), the self-reported medication
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Figure 2. Boxplot of the BMQ score before and after the intervention period for the 18 participants. BMQ: Beliefs About Medication Questionnaire.
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Figure3. Boxplot of the SEAM S score before and after the intervention period for the 18 participants. SEAMS: Self-Efficacy for Appropriate Medication

Use Scale.
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Semistructured I nterview

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
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B SEAMS after

very useful, because sometimes you can't remember if you've
taken the medication or not. With the app, | can validate taking
the medication, and | do it asfirst action in the morning.” They
were satisfied with the drug information and liked having an
overview of al 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 usersthought having reminderswas useful.
They also found having pictures of their medications useful,
especially with new drugs.

Of the 18 participants, 17 (94%) tested the quizzesand 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 participantsread the story until the end, and 1 participant
suggested making it moreinteractive, where user choices affect

Ehrler et al

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 usethe
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 agood score according
to Bangor et a [26]. The app was perceived between good and
excellent (Figure 4).

Figure 4. Results of the System Usability Scale (SUS) for the 18 participants.
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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 seemsto have
alimited impact on our specific population.

Comparison to Prior Work

Although severa 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,
theimpact of the motivational story wasvery different from the
quiz. Storytelling was considered as a game, whereas the quiz
was more averification of acquired knowledge, something that
they valued.

The story was created with ups and downs to represent daily
variations when coping with a chalenge. We kept the story
sequences short and used many illustrationsto draw the reader’s
attention. The usersin 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 aready high [29,30].
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article by Day [31] describes how storytelling has the potential
to promote health literacy in patients. In the cardiology domain,
Li et a [32] displayed aninteractive video that depicted amodel
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 observein thelog that one-third of the participantsdid 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 istechnical . 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 observethat 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) isadriver 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 remindersuseful. The
reminders were considered more useful when their routine was
disrupted: thisis 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 socia 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 acontrol group for comparison, it becomes challenging
to discern whether the observed changesin 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,
whilethe pre-post pilot study design providesvaluableinsights
into the potential effects of the intervention, its findings must
beinterpreted cautiously, and further research using acontrolled
study designiswarranted 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
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study’s ability to detect significant changes in adherence
behaviors and beliefs may be compromised. Small samplesizes
can increase the likelihood of type Il 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 belimited, asthe characteristics and responses
of a smal group may not be representative of the broader
population. Consequently, a cautiousinterpretation of theresults
iS necessary, recognizing the potential limitations imposed by
the smal sample size on the study’s reliability and
generalizability. Future research with larger sample sizeswould
be beneficia to confirm and extend the findings of this pilot
study.

Third, wefaced limitationsto record app use when offline. This
may have led to abias 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 moretailored storytelling approachesto 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 isto conduct alarger-scal e study with a control
group to better assessthe effectiveness of the gamified approach
compared to traditional methods. Thiswould alow for amore
robust statistical analysis and provide stronger evidence of the
intervention’s benefits in improving medi cation adherence and
patient awareness. Expanding the study to diverse patient
demographics would aso offer insights into the approach’'s
generalizability and scalability.

Conclusion

Smart-Meds is a promising app; athough 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 animprovement 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, alarger study with a controlled design like
arandomized controlled trial is needed to confirm our results.

We would like to extend our sincere gratitude to the nursing staff for their invaluable assistance in the recruitment process.
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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), arule-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 inthe 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. Dial ogue 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 stepsto involve users early in the devel opment of aCA. Notably,
theuse of WoZ in an observational clinical protocol highlighted thefollowing: (1) coding analysis offered guidelinesfor modeling
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CA dialogue with patient safety in mind; (2) incorporating human-likeness and trust in user satisfaction assessments provided
insightsinto attributes that foster patient trust in a CA; and (3) the application of Adlerian therapy demonstrated its effectiveness
in motivating patientswith HF to adhere to medication within aCA framework. In conclusion, our method isvaluable 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) isaglobal concern associated with significant
morbidity and mortality [1]. Recent findings from the
ASIAN - HF registry suggest apotential 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 factorsand worse
outcomes than Northeast and South Asian patients [2,3]. This
burden pressuresindividuals, 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 thelimited number of specialized HF nurseswho can support
the wider HF patient popul ation.

https://cardio.jmir.org/2025/1/e55846

Therefore, we explore related work that uses conversational
agent (CA), atypeof artificial intelligence (Al) application that
can beleveraged to assist in the self-monitoring of patientswith
HF in the following section.

A CA isacomputer 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 Ingtitute 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
advancementsin Al, CAscan handle much more complex tasks
in awide 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 conversationsin anarrative 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 relieson
narrative design, also called conversation design, to produce
that output.
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Figurel. Simplified view of conversation theory.
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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 aso creates logicaly sound
conversational flow and design specifications that capture the
entire user experience. More recently, machine learning
capabilities have been used in CA to providethe ability tolearn
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
keywordsin the text [19].

The second type is the generative-based CAs, which use Al
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, Al algorithms,
particularly neural networks, may develop decisions that are
not explainable or understood by the end user, referred to asthe
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 arule-based CA,
given that it will allow developers better control and
transparency in the responses.

https://cardio.jmir.org/2025/1/e55846

RenderX

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, teleheath and
telemedicine, and personalized medicine [7].

There are existing applications devel oped 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 speaksin Portuguese and interacts with patientswith
HF inreal timeto provide quality answersto medication-related
guestions 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 conversationsto encourage and educate patients
with HF about medication adherence, nor a standard for
evaluating thistype of CA design early in the development stage
asaDH solution.

Therefore, our study aimsto adopt established design methods
and conceive them into a systematic method that usesaclinical
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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 studiesin 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
patientsto change medication adherence behavior, we searched
for suitable psychological theoriesto 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 othersand contributionsto society [14]. Thistherapy 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 believein 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 combinestheinsights 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.

https://cardio.jmir.org/2025/1/e55846
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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 statesthat individuals
tend to accept arequest consistent with their committed position
[18]. The 4-wal 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 occursin human-technol ogy interaction contexts. It isused
to enhance user experience in chatbots. This approach is
typicaly implemented through the CA or chatbot’s visua
representation, such asanillustration, image, or animated avatar,
aongside 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 acommon local name[42]. Additionally,
conversation style plays a crucia 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 socia 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 creste 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 usersto
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—uwithout
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].
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In applying an agent-based concept in modeling CA, protocols
play a centra role in agent communication with humans or
another CA. A protocol specifiestherulesof 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
beimposed by the designer of aparticular 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 Procedurein the Elicitation of
Requirements and User Experience

Wizard of Oz (WoZz) isawell-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 ahuman wizard to mimic
certain operations of apotential system is particularly useful in
situations where extensive engineering effort would otherwise
be needed to explore the design possihilities offered by such
operations [53].

Theterm “Wizard of Oz (WoZ)” wasfirst coined by John Kelley
[54], who used thistechniqueto simulate acalendar 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, facia recognition, and multimodal user
interactions [53,56-58].

There are severa 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. Overal, these uses fall into 4
broad categories. exploring interaction strategies, designing

Figure 2. Design thinking methodol ogy.

Abdullah et &

dialogues, collecting corpora, and eval uating system components
[53].

In recent years, researchers have utilized WoZ for various
purposes within these categories, such as building a data set to
createavirtual 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’ usein medication adherence, using
design thinking asthe main processfor gathering requirements,
prototyping, and testing.

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

The end goal of the study is to identify improvements in the
functionality and dialogue construction of MARIA. Thiscould
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

Methodol ogy Processes

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

v

Empathise [—%»| Define |—

Ideate

—»| Prototype Test

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.

https://cardio.jmir.org/2025/1/e55846

Empathize

Constructing empathy to understand the stakeholders and their
problems is essentia 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

AsMARIA aimsto perform asapersonal nurse assistant to motivate patients about medication adherence, we studied the work proceduresfor 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 a [33] where severa 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
doctorsfrom the Malaysian cardiac centers, 2 pharmacists, 3 developers, and 1 student researcher from Monash Australiaasthe 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 capturethe 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
expectationsin MARIA's expanding design.

| deate

The conceptual solution to the defined problem is generated in
theideate 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’'swork 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 atask in alogical sequence, define
how information and responsibility are transferred between
parties during the task, clearly indicate the beginning and end
of the process, and display paralel paths reflecting the
consequences of different decisions or alternative options|[71].
Our protocol contained the set of activitiesthat 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.

https://cardio.jmir.org/2025/1/e55846

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 aso 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).

TheWoZ Method for the Observational Study Protocol

Our conceived WoZ in an observational study protocol was
designed to simulate theinteraction 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 arule-based CA, we did not control for participants
beliefs about whether they were interacting with areal 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 thereisno agreement on the number of samplesizes,
we follow a qualitative study recommendation of 20 samples
[76] asaninitial sample size. Furthermore, because the protocol
is designed as an interactive process, researchers may stop to
recruit further sample size when analysis suggests that dataare
saturated (ie, not many differencesin the responses at a certain
point).

Ethical Consider ations

MARIA_PRO_VER 3 190122isregistered withtheMalaysia
Medical Ethics Committee. The Medica Research Ethics

Figure 3. Overall Wizard of Oz study procedure.

Abdullah et &

Committee, the Ministry of Health Malaysia, approved the study
with the registration nhumber 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 al the data sets.
All data are stored in Monash University Maaysia 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 wasbased 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 atimein each
room, with each session being conducted sequentialy, 1
participant following another. Textbox 2 provides an explanation
of therolesand responsibilities of the researcher and participant.
Part A detailstheroles of researcher A and the participant, while
part B outlines the responsibilities of researcher B.

Room A: Cardiac Clinic

Researcher A

1. Informed Consent
2. Explained the process & assist
participant using Report care App.

Room B: Clinical Research
center office

Clarify and answer
the participant

Participant |

Asks & answer

ReportCare
App

Researcher B
(Wizard)

Question
_

»
>

Assigned Qualify Medical

question using
ReportCare App

Doctor or Pharmacist

https://cardio.jmir.org/2025/1/e55846
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Textbox 2. Roles and responsibilities of the researcher and participant.

Abdullah et &

«  Informed consent process:

chatbot as a self-management tool, in a home setting.

«  Given scenarios:

Center office

«  Theworkflow on the management of symptoms and signs.

side effects, and drug interaction.

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

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

«  Theparticipant is provided with aunique ID for deidentification purposes.

«  Explanation of the process and assisting participantsin using the web app:
«  Theparticipant will be seated in aroom and given a smartphone with the web app preinstalled.
o Researcher A will explain how to use the web app and Medical Assistance and Rehabilitation Intelligent Agent (MARIA), the messaging

o  Theparticipant will log into the web app using the unique 1D provided.

« Researcher A givesaset 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.

«  Theparticipants 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

«  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:

«  Theworkflow on therapy medication protocol adherence for furosemide titration, including management of side effects.

«  Theworkflow for general inquiries on the medication side effects of furosemide and beta-blockers[78].

«  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,

Recruitment

Study participants were recruited from the Hospital Queen
Elizabeth Il, Sabah in Maaysia. 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
guestions 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 Clinicin Hospital Queen Elizabeth I1. Theinclusion
criteriawere: (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

https://cardio.jmir.org/2025/1/e55846

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

Typicaly, the sample size is small at the beginning, asthe 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 aquantitative 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

Thetotal timerequired 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.

Abdullah et a

Wizard Preparation

The wizard (researcher B) launched the web app (Figure 4)
beforethe patient, entered “MARIA” asthe name, and selected
either English or Maay 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).

Figure4. Screenshot of the app displaying the log-in interface including the language selection feature.

Tell me your name / Berihatu saya

nama anda

Choose your preferred language /
Pilih bahasa pilihan anda

English

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

https://cardio.jmir.org/2025/1/e€55846
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intervene, providing an appropriate response or asking arelevant
guestion 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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Figure5. Overview of the conversation protocol as followed by the Wizard throughout the study.

Check patient’s each successful medication intake:

If patient’s intent is ‘Successfully Finished Medication', please follow
this template. The template can also could continue with survey
conversation if it reaches the date of doing survey (weekly or monthly
from the goal setup day).

White Box:
represent Maria's generic response

Light Grey Box:
allow Maria to pause 5 second during the conversation

Grey Box:
Allow Maria to wait for patient’s response for certain period

Orange Box:
represent user is tying the response

Light Orange Box:
represent an example of user’s possible response

Yellow Box:

represent the conversation being triggered periodically based on patient’s setting
and medication adherence progress, or conditionally based on patient’s specific
background

{Bracket}:
represent the replaceable data based on specific patient’s information

Participant Protocol

Researcher A isresponsible 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 participantsin 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

https://cardio.jmir.org/2025/1/e55846

RenderX

CHAT START

Good Morning {Moheem}~ © = & It's
medication time™~

Set full-day medication
schedule with patient’s first
reminder of the day

Here is your full day medication schedule:

1. {Tablet} {Furosemide}, {40mg} {twice daily},
taken at ({8am, 6pm})

2. {Tablet} {Bisoprolol}, {Smg} {once daily},
taken at ({8am})

3. {Tablet} {Perindopril}, {8mg} {once daily},
taken at ({6pm})

You can take your morning one now™ Let me
know when you have successfully taken your
medication™ &

Confirm patient’s successful
medication intake

v
User is typing...

Encourage patient to keep up

| finished my medication.

Chat can temporarily end
here if only daily monitoring
is proceeded

Good job {Moheem}™ What a good start of the
day™~~~ Wish you have a lovely day. | will come
back to you in the evening™ &

| remember we also need to do the {weekly}
survey today.

Remind and educate
patient to conduct self-
assessment survey

Would you like to answer some questions
about the quality of your life of late? &

Your answers will be important for you and for
the cardiologist to know your medication
adherence™

User is typing...

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 devel oped 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

«  Toidentify speech act verbs of each utterance

o  Toidentify turn-taking

«  Toidentify which workflow was used to map each utterance

«  Toannotate 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:

. Ifitisnotintheworkflow, ssimply annotate with N/A (not applicable)

« Ifitispart of the workflow, simply annotate the corresponding workflow reference (eg, “Workflow: Daily Monitoring”)

« Ifitispart 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 | 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 agiven 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 | was told it would be delivered within aweek.”
For the speech act definition, we refer to the work of Vanderveken [79].

Topic

Thetopic, in essence, iswhat is being communicated in a sentence. You may use the topicsidentified 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 acyclical manner.

« Anayzing 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 asthe unit of analysis. Adjacency pairs consist of 2 utterances produced by different
speakers. To form an adjacency pair, theremust be at | east two speakers. In adjacency pairs, thefirst utterance—known asthefirst pair part—requires
aresponse, while the second utterance—known as the second pair part—serves as the response to the first.

Here are some examples:

Question and answer

Soeaker 1: “Where's the milk | bought this morning?’

Speaker 2: “On the counter invitation.”

Invitation and Acceptance

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

Soeaker 2: “Sure!l”

. . . represents “l agree strongly.” Additionally, we included
User Satisfaction Scoring Test _ . open-ended questionsto understand the reasons behind the given
We used Hoffman et a’s [80] evaluation of user trust in Al ratings. The questionnaire focuses on evaluating our

systems. Our questionnaireincludes Likert-scale questionsrated  conversational template design from various aspects (Figure 6),
from 1 to 5, where 1 represents “| disagree strongly” and 5  including human-likeness.
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Figure 6. An excerpt from the usability evaluation survey.

Encouragement

Abdullah et &

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

1 2 3 4 5
1 disagree I disagree I’m neutral I agree I agree
strongly somewhat about it somewhat strongly

Please provide the
reason for giving
this rating:

I think MARIA can provide positive motivation to achieve my future medication adherence.

1 2 3 4 5
I disagree I disagree I’m neutral I agree I agree
strongly somewhat about it somewhat strongly

Please provide the
reason for giving

this rating:
Reliability
I think MARIA can provide trustworthy information for my medication adherence in the future.
1 2 3 4 5
I disagree I disagree I’m neutral I agree I agree
strongly somewhat about it somewhat strongly

Please provide the
reason for giving
this rating:

General Satisfaction

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

1 2 3 4 5
I disagree I disagree I’m neutral I agree I agree
strongly somewhat about it somewhat strongly

Please provide the
reason for giving
this rating:

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.

https://cardio.jmir.org/2025/1/e55846
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Thank you so much for your participation in this survey!

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 Conver sational Design and
Its Implicationsfor Medication Adherence

The evaluation outcomes indicate that our conversationa
template design generally met the needs of stakeholders,
including end users, patients, and pharmacists. MARIA'snatural
language interactions, along with its encouragement and
education dstrategies, 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 towhich 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 analysisis 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 indicatesthat participants
primarily engaged in question-answer exchanges with the
wizard. Thetopics 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
revedled gaps in the workflow, including challenges in
addressing negative responses, the appropriate use of emoticons,
and the system’sfeedback mechanism during turn-taking delays.

Regarding topics, patientswere 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 patientsto lose track of thetopic, 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
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scored lower, with amedian of 3.8. Intermsof natural language
use, patients generally felt that conversing with MARIA
resembled real human communication (question 1). One
participant noted, “1 am aware that I’'m chatting with an Al.
However, most responses were similar to what | would expect
from ahuman.”

However, MARIA’'sdemonstration of personality and emotions
(question 2) received the lowest rating in the evaluation. While
the designed conversations made patientsfeel friendly and cared
for, one patient noted alack of distinct character in MARIA as
ahealth 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).

“Itisagood feeling if you open your phone, and someone (Al)
keeps reminding you about your medication,” one patient
commented, highlighting MARIA'srolein fostering adherence.
Additional feedback reinforced MARIA's supportive nature,
with remarks such as “MARIA is supportive of me, and | 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 adoctor. Despitethis, 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 acrucia rolein defining the extent towhich
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.

Demographic Values
Sex, n
Male 15
Female 5
Age (years), mean 49

Human-likeness

I think MARIA® can talk likeareal person, n

| disagree strongly 0
| disagree somewhat 0
| am neutral about it 0
| agree somewhat 5
| agree strongly 15

| think MARIA can show her personality and emotion during the conver sation, n
| disagree strongly 2
| disagree somewhat 2
| am neutral about it 2
| agree somewhat 6
| agree strongly 8
Education

| think MARIA can guide meto complete my daily medicationsin the future, n

| disagree strongly 0
| disagree somewhat 0
| am neutral about it 1
| agree somewhat 4
| agree strongly 15

| think MARIA can remove my misunder standing about medication use and side effects, n

| disagree strongly 0

| disagree somewhat 0

| am neutral about it 4

| agree somewhat 7

| agree strongly 9
Encouragement

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

| disagree strongly 0
| disagree somewhat 0
| am neutral about it 2
| agree somewhat 8
| agree strongly 10

I think MARIA can provide positive motivation to achieve my future medication adherence, n
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Demographic Values
| disagree strongly 0
| disagree somewhat 0
| am neutral about it 2
| agree somewhat 8
| agree strongly 10
Reliability
| think MARIA can provide trustworthy information for my medication adherencein the future, n
| disagree strongly 0
| disagree somewhat 0
| am neutral about it 3
| agree somewhat 8
| agree strongly 9

General satisfaction

| think MARIA can provide useful service for my medication adherencein thefuture, n

| disagree strongly 0
| disagree somewhat 0
| am neutral about it 1
| agree somewhat 6
| agree strongly 13

Background history

Disease, n
Ischemic dilated cardiomyopathy 10
Nonischemic dilated cardiomyopathy 10

New York Heart Association, n
I 16
] 4
Education level, n
Primary
Secondary
Higher level education/tertiary

N 00 © P

Post degree

Occupation, n
Unemployed or pensioner
Self-employed
Housewife
Engineer
Administrative

Teacher

R N A N W DA D

Designer
Ethnicity, n

Malay 2

Chinese 2
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Demographic Values
Bumiputra Sabah 16

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, arule-based CA.

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

During the testing phase, the WoZ methodology and user
sati sfaction 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 asinforming 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 aign with professional
communication standards. Patients expressed a greater
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willingnessto 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 alevel 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 conversationa 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
alleviatetheir concerns. MARIA should providereference 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
modificationsthat 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 patientswith
HF who have successfully adhered to their treatment.
Additionally, MARIA should be trained to provide tailored
encouragement for patients facing various chalenges 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.
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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

Thisstudy 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: 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 isunclear 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 improvementsincluded initiating nurse-performed insertions, rel ocating 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 al insertions,
whilein 2020, atotal 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 minutesin 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 a&fter 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 ICMsin 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 processin 2018. Additionally, the catheterization laboratory was released for other procedures
(27 hly). 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.

(IMIR Cardio 2025;9:e67774) doi:10.2196/67774

KEYWORDS
insertable cardiac monitor; clinical pathway; nurse-led service; task shifting; efficiency improvement; remote monitoring

: ICM, aremote monitoring system transfers ICM data daily to
Introduction the hospital staff for analysis. The 2023 European Heart Rhythm
Background 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

Insertable cardiac monitors (ICMs) areindicated 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
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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 clinicsto 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 professional s and resources. For example,
Finland hasfewer cardiol ogiststhan the average for the member
countries of the European Saociety 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].

https://cardio.jmir.org/2025/1/e67774
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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 careis unknown.
Thus, we conducted an analysis of the changes in clinica
pathways at the Tampere Heart Hospital, ng 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 afew patientswho had CSwerereferred 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
deviceinsertion by acardiologist in acatheterization laboratory
(Figure 1). Thelaboratory timewas ahighly demanded resource
for performing more advanced interventional cardiological
procedures.
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Figure 1. Patient pathwaysin 2018. CS: cryptogenic stroke; ICM: insertable cardiac monitor; TIA: transient ischemic attack.
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for ICM monitoring for patientswho had CSor TIA. Toincrease
the access of patients who had CS, the neurologist could refer
patientsdirectly to an ICM procedure (Figure 2). Therefore, the
decision on ICM insertions was transferred to the neurologist.
Thiswas 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 pathwaysin 2020. CS: cryptogenic stroke; ICM: insertable cardiac monitor; TIA: transient ischemic attack.

2020

Patients with CSand TIA |

Patients with syncope

Primary health

Referral phase care: referral

54 Syncope
T— _Earients _—

Guideline directed
decision on
ICM monitoring

Cardiologist:

Larger device:

Insertion . . . q
insertion by cardiologist

; Cardiologist
| pathway

ICM Nurse: follow-up

Follow-up phase in-clinic

Diagnosis

Decision of treatment

Increasing Patients' Accessto |CM Insertion Through
Nurse-Inserted ICM in the Procedure Room

Theinitial 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.

Thefirst 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 thetraining
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 del egating 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
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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 |CM Data Monitoring and Triaging

Another notable change pertained to managing the workload
associated with ICM data, as most ICMs were monitored
remotely. Considering that asignificant portion of the datawere
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
datafrom patients who had ICM. They determined the urgency
of theinformation and conveyed it to the hospital. Thisapproach
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 metricsfor 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
timeto diagnosis. Clinically significant arrhythmia (bradycardia
or tachycardia) wasincluded 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
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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 appsfor enterprise). For
categorical variables, the chi-square test was used to compare
the distributions of 2 or more groups. For continuous variables,
a2-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 femal e patients was 43.2% (n=32) and 51.6%
(n=82) in 2018 and 2020, respectively. As they were being
treated in an adult cardiol ogy department, all patientswere over
16 years of age. Most of the patients were aged between 40 and
79 years (n=58, 78.3%) in 2018, with asimilar 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 ICM@insertions in 2018 and in 2020.

2018 (n=74), n (%) 2020 (n=159), n (%) P vaue
Sex (female) 32 (43.2) 82 (51.6) 24
Age (years) .35
16 - 39 4(5.4) 24 (15.1)
40 - 59 22(29.7) 33(20.8)
60 - 79 36 (48.6) 81 (50.9)
80+ 12 (16.2) 21(13.2)

% CM: 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
patientsindicated with CS. In contrast, in 2020, atotal of 59.1%
(n=94) were indicated with unexplained syncope and 39%

https://cardio.jmir.org/2025/1/e67774

(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 ICMsin patientswith SC or TIA substantially increased
from 2018 (2 patients) to 2020 (62 patients; Table 2).

JMIR Cardio 2025 | vol. 9 | e67774 | p.53
(page number not for citation purposes)


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

JMIR CARDIO

Table. Results—changein clinical pathway and safety.
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2018 2020 P value

Indication, n (%) <.001

Indication syncope 71(95.9) 94 (59.1)

Indication cryptogenic 2(2.7) 62 (39)

stroke or TIA?

Other 1(1.4) 3(1.9)
Waiting time to procedure (day), mean (SD) 49 (37.3) 36 (27.7) .02
Nurseinsertions, n (%) 0(0) 112 (70.4) <.001
Scheduled procedure time (min), n 60 45
Insertion in catheterization laboratory, n (%) 14 (18.9) 3(1.9 <.001
Overall complication rate, n (%) 2(2.7) 5(@3.1) .85
Data burden, n (%) <.001

Patients on remote monitor- 38 (51.3) 108 (67.9)

ing

Patientson analyzing ser- 0 (0) 108 (67.9)

vice

3T|A: transient ischemic attack.

Waiting Time

A 2-samplet 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 daysin 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 alowed 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
processin 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 patientsin 2020), bleeding (2 patientsin 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,
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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, al ICM
remote-monitored patients (n=108) werein the FocusOn-system.
In 2018, nurses were responsible for analyzing all remote
transmissions, consuming a substantial amount of their time.
The number of transmissionsthat needed analyzing from nurses
was not available. In 2020, the initial review and triaging of
remote transmissionswere outsourced to an external monitoring
center. Thisexternal 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],
thisexternal 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% vsn=19, 20.2%; P=.32). The 36-month diagnostic yield
for patients who had syncope was generaly high, with no
statistically significant difference between 2020 (n=36, 38.3%)
and 2018 (n=32, 45.1%; P=.38). The timeto 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

Table. Diagnostic yield-intention to treat (2018: n=74; 2020: n=159).

Vanhalaet al

of detected arrhythmiasisincluded in Multimedia Appendix 2.

12 month follow-up, n (%) P value 24 month follow-up, n (%) P vaue 36 month follow-up, n (%) P vaue
2018 2020 2018 2020 2018 2020
Overall 19 (25.7) 35(22) 54 31(41.9) 52(32.7) 17 32(43.2) 63 (39.6) .60
Syncope 19(26.7) 19(20.2) 32 31(43.7) 31(33) .16 32(45.1) 36 (38.3) .38
Stroke 0(0) 17 (27.4) N/A2 0(0) 21(33.9) N/A 0(0) 27 (435) N/A

8N/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 nurseinsertion
and the use of an external monitoring and triaging service
significantly improved the use of hospital resources, such as
patient accessto ICM insertion, follow-up, and diagnosis. The
results correspond to findings from the UK’s National Health
Service hedth 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, whilein 2018 nurses analyzed
all remote monitoring data, in 2020 that part of the workflow
was outsourced to an external monitoring and triaging service.
As nursesin 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 a [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 akey
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 patientswho 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 hospital sto reclaim the costs from the health
care funding system.

https://cardio.jmir.org/2025/1/e67774

Our study at the Tampere Heart Hospital showed both adecrease
in the waiting time for the procedure and an increase in the
number of patientsreceiving carein responseto theimplemented
changes. Overall, thenumber of ICM insertionsin 2020 doubled,
with indications for CS and TIA also increasing significantly
from 2018 to 2020.

The new workflow enabled nursesto gain new skillsand 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
accessto scheduled procedure time and not the actual procedure
time. However, these results correspond to the findings of Lim
et a [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 resultsfor 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 yieldsfor 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].

Sannaet 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 patientswho had CSor TIA which prevents
a comparison between 2018 and 2020 for this indication [19].
As amost 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 ICMsin both patient

JMIR Cardio 2025 | vol. 9 | e67774 | p.55
(page number not for citation purposes)


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

JMIR CARDIO

groups. There is also a risk for overdiagnosing patients with
clinicaly 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 arrhythmiais 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 anurse-led ICM process more precisely
could lead to implementing these changes in other health care
systems as well.

Vanhalaet al

Limitations

This study has several limitations. First, it is a single center
study with asmall number of consecutive patientswho had ICM
without randomization. Nonetheless, they represent patients
from atertiary 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 analysi suses data that was documented
or available in the electronic health record. For example, the
working timethat 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-waveswere 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 changeintheclinical 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 patientsindicated 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 failureisaprevalent condition ideally managed through collaboration between health care sectors. Telehealth
between cardiologists and primary care physiciansis astrategy 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 practicesin 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 statusin 58 patients; and an assessment
of guideline-directed medical therapy in 28 patients with reduced g ection 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 cardiol ogists expressed concern about the sustainability of theintervention. Quantitative analysisrevea ed
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 gjection fraction after telehealth showed
a modest improvement for B-blockers (17/20, 85% to 18/19, 95%) and renin-angiotensin-aldosterone system inhibitors (14/20,
70% to 15/19, 79%) but adrop 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 amore 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 wasfeasibleto implement. Considering the stakeholders’ views and insights on the processis 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
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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 professional s 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 lifewhilelowering the need for in-person appoi ntmentswith
specidists and referrals [4,5]. Specifically, chronic disease
management involving multidisciplinary collaborationisknown
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
hedlth [8-10]. Recent epidemiol ogic 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 hillion
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 accessto health care will increase the preval ence 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

https://cardio.jmir.org/2025/1/e64438

recommendationsis|low. The proportion of patients with heart
failurewith reduced g ection fraction (HFrEF) treated following
guideline-directed medical therapy (GDMT) isreported 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 asacollaborative
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 Telessalde Brasil Redes
[32], which aims to foster the devel opment of telehealth nuclei
in Brazilian states and regions. At least 3 large telehealth
services have been implemented in the last decades.
Unfortunately, reports about tel ehealth 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 bel ow the expected
level in many settings due to subjective factors such asresistance
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-rel evant outcomes such as mortality, hospital admissions,
and quality of life [4,29,44,45]. For al 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 tria
aims to evaluate whether telehealth support from cardiol ogists
to primary care physiciansimprovesthe quality of heart failure
management and impacts patient-rel evant outcomes.

As recommended by most frameworks for studying complex
interventions [48,49], we previoudly tested the implementation
of the intervention used in this study, aiming to assess the
feasibility of the telehealth process designed as the tria
intervention. Wetested a synchronous approach, wherereal-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 remoteinteraction happens using anon—eal-time
strategy (eg, SM S text messages).

We aimed to answer the following research question: is it
feasible to implement telehealth support from cardiologists to
primary care physiciansin 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 tel econsulting cardiol ogists,
perceive the intervention? Does tel ehealth 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 practicesand 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
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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 hasinvested 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 reformsin 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 ora health
care and have the support of mental health and rehabilitation
professionals.

Asone of themain citiesin the country and former capital, Rio
de Janeiro aso hosts a thorough specialized service network,
including national institutes such as the National Institute of
Cardiology (INC), whoseteam was responsiblefor thetel ehealth
support to the primary care teams in this study. The choice of
telehealth asthe 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.

I ntervention

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 physiciansin 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 cardiol ogistsand 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 previoudly. 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,
wherethe primary care physicians could schedul e the tel ehealth
session with the cardiologists.

Inapreliminary meeting, al participantswere previously trained
in telehealth by one of theresearchers (LG). Intotal, 1to 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 alow for
information exchange via text (asynchronous), substituting
videoconferences asthe initial interaction tool. The web-based
platform was hosted on the project’s website (Figure 1).

Graever et a

Upon registration and secure access granted by the research
data management team (Figure 2), the primary care physicians
entered their professiona 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 callson demand.
Inthiscase, after agreeing with the cardiol ogist, 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 devel opment.

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 oximetersto 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 viatelehealth) from August 2020 to December 2022. Permission obtained by the authorship for the use of theimage without

attribution.
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Figure 2. Log-in page for the online platform, restricted to registered users to protect data access and ensure their safety.
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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 theindividua interviews. Both aretrained
in executing qualitative research datacollection. MK G, afemale
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 questionswere 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 withinthe BRAHIT project, itsusein 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 physiciansfrom 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 isusually cooperative and prone
to quality improvement initiatives. All primary care physicians
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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 cardiol ogistswho provided tel ehealth 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 tota 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
workersfrom 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 theinvited 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 aso 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.
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For theindividual 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 practicein phase A. All accepted theinvitation.
A tota 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 COV I D-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 sessionswith 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 theindividual 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, weincluded all patientswith heart
failure whose cases were discussed in a telehealth session in
the study. We excluded patientsinitially selected by the primary
care physicians whose cases were not addressed in telehealth
sessions. The sample sizewas not cal cul ated for the quantitative
assessment as hypothesis testing was not intended [56,62].
Therefore, we analyzed the baseline data of all the included
participantsin 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 asecure
server at the INC and accessible only to the research team. The
Rio de Janeiro municipality health department granted remote
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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 dueto achange
in license permissions by one of the research institutions [64].
MKG, LG, and PCM double-checked the content for
transcription accuracy and corrected occasional mistakesin the
electronically transcribed content to ensure the accuracy and
confirmability of the dataset. To ensure the participants
anonymity, weidentified the content by theletter 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 wascyclical,
involving rereadings until all sentences were classified.
Repetitive statements were discarded. The 3 authors involved
in data analysisworked 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’ pointsof view and storiesrather
than quantitative variables such as the frequency of themes or
codes.

LG, MKG, and PCM had in-person discussions to execute the
dataanalysisand 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 participantsin the focus groups and individual interviews.
LG was the former primary care coordinator in Rio de Janeiro
and had previoudly collaborated academically with theinvolved
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 physiciansduring
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 persona 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), [B-blockers, and mineralocorticoid receptor
antagonists. We observed whether the drugs were used and the
target doseswere reached [68]. Aswe collected datafrom 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 thelatest 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 datawithin sel ected 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 a [71]. We
presented the integration results in the form of ajoint display
[72].
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Ethical Consider ations

Thisstudy was carried out following the Declaration of Helsinki
and approved by the INC (registration 5272), the hedlth
department of the Rio de Janeiro municipality (registration
5279), the Federal University of Ouro Preto (registration 5150),
and the Brazilian Nationa 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 physiciansinvolved in the study were
informed and included only after signing informed consent
formstailored to each participant category. These forms served
asaformal 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 benefitsand risks
of participation. Additional topicsincluded 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
clinica 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 availableto 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 Clinical Trials.gov
under the number NCT 04466852 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.

Phase A: single site—videoconferences

August 2020 June 2021

Timeline

Milestones Beginning of the

videoconferences

Synchronous telehealth interactions
between primary care physicians (clinical
team) and cardiologists (research team)

Interventions

Data
management
(quantitative)

Registration of telehealth interactions by
cardiologists on REDCap

Registration on EHR systems

Data Foeus group-primary care
management physicians (clinical team)
(qualitative) from phase A (June 22, 2021)
Focus group with cardiologists
(research team) from phase A
(June 30, 2021)
Results

Qualitative Results

Common Findings

The content of all qualitative activities had telehealth support
asacommon theme due to the specific probing questions posed
toal participants. Conversely, particular themes emerged based
on the participant categories. For instance, concerns about
patients' social conditions and interactions among heslth 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 physiciansin 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 speciaization.
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Registration on the web—based platform

Focus group—patients
from phase A
(21.07.2021)

Phase B: multiple sites—online platform Follow—up

July 2021 December 2022 January 2023 —— May 2023
Launching of the Progression
web—based platform for —RCT

Asynchronous telehealth interactions
between primary care physicians (clinical
team) and cardiologists (research team)

Data collection from
REDCap forms and
EHR

Data analysis

Data analysis from
focus groups and
individual interviews by
qualitative researchers

Individual interviews—
primary care physicians
(clinical team) from phase B
(June 1, 2025-December 30,
2025)

Data inte gration
and analysis of
feasibility

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 arole. In the case of the cardiologists,
the operational aspectswere 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 organi zation 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 competencein 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. Focusgroup 1 (primary care physicians)—themes, subthemes, and definitions that emerged from content anaysis.

Theme and subtheme Definition

Population aspects
Disparities
Mobility
Clinical competencein primary care
Confidence
Task perception
Communication among health care services
Telehealth support
Use

Potential and barriers

Opinion on the population’s socioeconomic and cultural vulnerability

Patients’ mobility hardships

Lack of confidence in managing patients with heart failure
Perception of the task of treating patients with heart failure

Communication gap among health care sectors

Discussion about the use of supporting tools

Assessment of telehealth support use

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 patientsare very vulnerable...So economically,
intellectually, and culturally speaking, they need us.
[FP1]

Another important subtopic was mohility, 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 usto continue care. [FP1]

Clinical Competencein Primary Care

An essential theme that emerged from thisfocus group wasthe
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 dueto inexperience and insufficient
training before graduation:

...\\e know some topics more basically, like reading

an X-ray or an electrocardiogram. | think the EKG

isa 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:

https://cardio.jmir.org/2025/1/e64438

... always imagined that | would manage...here in
primary care, only hypertension, so anything that
goesallittle beyond within cardiology topics, literally,
| don't know. [FP2]

Communication Among Health Care Services

When collaborative careisdiscussed, one main topic that usualy
emergesisthe communication hardships between services|[76].
The partici pants described significant communication problems,
which led to gaps and unawareness of actions performed in
secondary and tertiary services, affecting the patients' care:

...| think the great difficulty we have today is that we
seldomreceive areport froma specialist. They should
tell ushow shared careis supposed to happen... [FP1]

Sometimes, they order tests or prescribe medication,
and we don’'t know exactly why. How can | share the
care with them and continue if | 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 idea
characteristics of ateleconsulting service, their experience with
the BRAHIT project, and other support activities. The group
evaluated telehealth support positively as it was easly
accessible. They also assessed the BRAHIT project as having
favorable characteristics:

...the intimacy, the ability (of the teleconsultants) to
understand my difficulty, because sometimes | ask a
question, and he already answers... [FP9]

...They arefocal specialistswho 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. Thisinformation led the researchersto refine
the intervention, adapting the telehealth offer to include an
asynchronous approach commonly used in other telehealth
services[77]:
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...\\e know that we are privileged, because there are
a lot of physicians here, but in other clinics | have
worked, | would rarely have the time to be online in
a web conference. [FP10]

Graever et a

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 (cardiol ogists)—themes, subthemes, and definitions that emerged from content analysis.

Theme and subtheme Definition

Relationship with the primary care service

Vision on primary care

Discussion about their vision on primary care services

The Nationa Institute of Cardiology’s mission as ateaching institution

Mission

Telehealth support
Education Evaluation of the interactions regarding collaboration
Challenges Challenges of telehealth implementation

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, physiciansdo not have adequatetraining,

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 heath care
system:

... 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. | 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, | think we also learn from them. [C2]

So, bringing not only knowledge but also the
experience that we havein terms of treatment, | think
general practitioners have good experiences with us
and realize that we are calm. The patient is severe,
but we manageit. [C4]

The cardiologists reported concerns about implementing
telehealth, specifically about its scalability and sustainability
and the engagement of primary care physicians:

..l just think there was also an underuse of the
service. | 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.

Theme and subtheme Definition

Disease and care experience
Health literacy
Insights about self-care
Care evaluation
Free will Attitudes toward the disease
Telehealth support

Opinions and fears

Understanding regarding their disease and care
Thoughts about good habits and well-being

Assessment of physicians' actions and consequences for their health

Opinions and worries about telehealth support
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Disease and Care Experience

The probing questions for the patients investigated their
understanding of heart failure as adisease and their conceptions
of medical assistance. Their discussions reveadled a
heterogeneous understanding of cardiologic conditionsand their
treatment:

... used to think there was one type of heart disease.
One would feel chest pain. But it seems that thereis
more than that. | do not understand. [P3]

There were also reports about the patients’ improvements after
they were properly diagnosed and treated. They could find a
positive correl ation between following correct habits and taking
correct medications and their well-being:

...Then | do not fed tired anymore. It has been two

yearsnow. | cycleto work and to everywhere around.

| help a friend with construction work. It is

impressive. | 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 medicationsand their feelings. We also
noticed different attitudes toward the disease depending on
individua characteristics:

... only go to hospitals or clinicsif | amdying. If |
feel something that can be managed with analgesics
or something, | will not come. | do not take
prescription medications every day, as | fee myself
controlled. [P4]

Graever et a

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, | think he is
participating. Maybe it isworking! [P6]

.| thinkit isa 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:

...| 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]

... go to the hospital every three months. | feel safer
going there, too. [P5]

Individual I nterviews

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.

Table4. Individual interviews (primary care physicians—phase B)—themes, subthemes, and definitions that emerged from content analysis.

Theme and subtheme Definition
Work overload Influence of work rhythm on telehealth use
Telehealth support

Actual use Experiences using teleheath

Barriers Reasons for not using telehealth

Clinical competence

Referra practices

Confidence in assisting patients with heart failure

Influence of telehealth in referring patients to specialists

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

https://cardio.jmir.org/2025/1/e64438

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 referralsto emergenciesand specialists. [ P1]

Conversely, cardiol ogists sometimestook along timeto respond
to contact requests, which was considered a problem:
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When | tried to use the website, connecting was hard.
| found it slow. As other tools are available online, |
do not use them anymore. [ P3]

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, |
have not used the tel ehealth support fromthe 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 aternative
tools, or no need to use tel ehealth support:

...in my population, there are no patients with heart
failure needing specialist consultation, nor do | need
telehealth support for myself. [1P6]

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,
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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 | need to refer the patient to a cardiologist,
| 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. [1P8]

Quantitative Results

Participants

During the videoconference phase (phase A) of theintervention,
the physicians sel ected 34 patient casesfor discussion, of which
26 (76%) were scheduled for discussion based on the physicians
criteriaand 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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Figure4. 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).

Phase A: single site—videoconferences
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19 cases
discussed
through
videoconference

3 with no
> follow-—up
information

16 patients with
follow—up data
analyzed

Total (phase A+phase B)

83 cases included
(phase A: 19;
phase B: 64)

Phase B: multiple sites—web-based platform

Selection of asynchronous
e—consultation cases from
13 practices

64 cases discussed
through texting
and phone calls

17 with no
> follow—up
information

42 patients included
with follow—up data
analyzed

20 with no
* follow-up
information

58 cases analyzed
(phase A: 16;
phase B: 42)

Baseline Data

Regarding demographic data, the mean patient age was 61 (SD
12) years. Of the 83 patients, 52 (63%) weremale, 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
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only 2% (1/61) of the participantswith available data, suggesting
underdiagnosis[83]. Regarding anthropometry and vital signs,
BMI and mean blood pressure and heart rate valueswere 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).

Variable

Phase A (n=19)

Phase B (n=64)

Total

Age (y), mean (SD; range)
Sex, n (%)
Female
Male
Race, n (%)
Black or other ethnic minority group
White
Not informed
Missing
Atrial fibrillation, n (%)
No
Yes
Missing
Diabetes, n (%)
No
Yes
Missing
COPD?, n (%)
No
Yes
Missing
Coronary artery disease, n (%)
No
Yes
Missing
Hypertension, n (%)
No
Yes
Missing
Stroke, n (%)
No
Yes
Missing
Peripheral artery disease, n (%)
No
Yes
Missing
Dydlipidemia, n (%)
No
Yes

Missing

58 (12; 35-76)

7(37)
12 (63)

6 (35)
9(53)
2(12)
2(12)

13 (76)
4(24)
2(11)

11 (65)
6 (35)
2(11)

13 (93)

1(7)
5 (26)

7(88)
1(12)
11 (58)

4(21)
15 (79)
0(0)

15 (100)
0(0)
4(21)

15 (100)
0(0)
4(21)

8(62)
5(38)
6(32)

61 (13; 37-89)

24.(37)
40 (63)

22 (39)
21(39)
13(23)
8(12)

33 (70)
14 (30)
17 (27)

32(62)
20 (38)
12 (19)

47 (100)
0(0)
17 (27)

22 (49)
23 (51)
19 (30)

15 (25)
46 (75)
3(5)

56 (92)
5(8)
3(5)

56 (97)
2(3)
6(9)

26 (53)
23 (47)
15 (23)

61 (13; 35-89)

31(37)
52 (63)

28 (39)
30 (41)
15 (21)
10 (12)

46 (72)
18 (28)
19 (23)

43 (62)
26 (38)
14 (17)

60 (98)
1(2)
22 (27)

29 (55)
24 (45)
30 (36)

19 (24)
61 (76)
34

71 (93)

5(7)
7(8)

71(97)
2(3)
10 (12)

34 (55)
28 (45)
21 (25)

https://cardio.jmir.org/2025/1/e64438

RenderX

JMIR Cardio 2025 | vol. 9 | €64438 | p.72
(page number not for citation purposes)


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

JMIR CARDIO

Graever et a

Variable

Phase A (n=19)

Phase B (n=64) Total

BMI (kg/mz), mean (SD; range)

Systolic blood pressure (mm Hg), mean (SD; range)
Diastolic blood pressure (mm Hg), mean (SD; range)
Heart rate (bpmd), mean (SD; range)

NYHAZE functional classification, n (%)

32 (7; 23-49)°
138 (31; 97-220)

91 (21; 60-160)

81 (19; 53-125)°

29 (6; 19-53)° 30 (6; 19-53)°

130 (29; 90-240)° 132 (29; 90-240)°
80 (16; 40-120)° 82 (18; 40-160)°

79 (18; 42-121)° 79 (18; 42-125)°

| 2(12) 10 (17) 12 (16)
I 8 (50) 15 (26) 23 (31)
i 1(6) 21 (36) 22 (30)
IV 5(31) 12 (21) 17 (23)
Missing 3(16) 6 (9) 9 (11)
LVEF" (%), mean (SD; range) 35 (8; 21-48)9 43 (19; 14-80)" 42 (18; 14-80)'
Heart failure classification (LVEF status), n (%)
Reduced 7 (64) 21 (45) 28 (48)
Mildly reduced 4(36) 9 (19) 13(22)
Preserved 0(0) 17 (36) 17 (29)
Missing 8(42) 17 (27) 25 (30)
Creatinine (mg/dL), mean (SD; range) 1.3 (L; 0.7-5.1)° 1.3 (1; 0.6-8.0) 1.3 (1; 0.6-8.0)

8COPD: chronic obstructive pulmonary disease.
BMissi ng: n=1.

“Missing: n=2.

dbpm: beats per minute.

®NYHA: New York Heart Association.
fLVEF: Ieft ventricular gjection fraction.
IMissing: n=8.

PMissi ng: n=17.

iMissing: n=25.

jMissing: n=3.

KMissi ng: 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 dataat follow-up wasvery 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 basdline. The mean systolic blood
pressurewas 7 mm Hg lower, the mean diastolic blood pressure

https://cardio.jmir.org/2025/1/e64438
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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
gjection fraction assessed at baseline and during follow-up, 55%
(12/22) and 55% (11/20), respectively, had prescriptionsfor the
3 main GDMT drug classes, which can be explained by an
increasein [3-blocker (17/20, 85% to 18/19, 95%) and RAAS-|
(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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Table6. Clinical databefore and after telehealth support—subgroup of patients with at |east one follow-up contact registered in primary care electronic
health records (N=58).

Variable Phase A (n=16) Phase B (n=42) Total

Before After Before After Before After
Days between baselineand fol- 157 (109; 14-344) __a 192 (99; 22-365) — 183 (103; 14- —
low-up, mean (SD; range) 365)

Heart failure classification (LVEFb status), n/N (%)

Reduced 719 (78) 719 (78) 15/31 (48) 15/31(48)  22/40 (55) 22/40 (55)
Mildly reduced 219 (22) 29 (22) 4/31 (13) 431 (13) 6/40 (15) 6/40 (15)
Preserved 019 (0) 019 (0) 12/31 (39) 12/31(39)  12/40(30) 12/40 (30)
Missing 7116 (44) 7/16 (44) 11/42 (26) 1U42(26)  18/58 (31) 18/58 (31)

Systolic blood pressure (mm 136 (33, 97-220) 134 (43; 90-260)° 132 (31;90-240) 123(22; 70-  133(32; 90-240) 126 (30; 70-

Hg), mean (SD; range) 160)¢ 260)°

Diastolic blood pressure 91(23,60160)  gg(21;60.140)° BO(17:40-120)  77(16,40-  83(19;40-160) 80 (18; 40-

(mm Hg), mean (SD; range) 109)¢ 140)®

Heart rate (bpm'), mean (SD; 85 (19; 58-125)9  86(20; 63-125)"  79(18;42-120)  74(13;43- g (18; 42-125)9 77 (1543
range) 100)' 125)!

Signs of decompensated heart failures® , n/N (%)

No 5/14 (36) 5/8 (62) 18/38 (47) 5/19 (26) 23/52 (44) 10/27 (37)
Yes 914 (64) 3/8 (38) 20/38 (53) 14/19 (74)  29/52 (56) 17/27 (63)
Missing 2/16 (12) 8/16 (50) 442 (10) 23/42(55)  6/58 (10) 31/58 (53)

GDMT' in HFrEF™" | n/N (%)

No 417 (57) 3/7 (43) 6/15 (40) 6/13 (46) 10/22 (45) 9/20 (45)

Yes 3/7 (43) 4/7 (57) 9/15 (60) 7/13 (54) 12/22 (55) 11/20 (55)

Missing 0/7 (0) 0/7 (0) 0/15 (0) 2/15 (13) 0/22 (0) 2/22 (9)
B-blocker usein HFrEF, n/N (%)

No 2/7 (29) 0/7 (0) /13 (8) 112 (8) 3/20 (15) /19 (5)

Yes 5/7 (71) 7/7 (100) 12/13 (92) 11/12 (92) 17/20 (85) 18/19 (95)

Missing 0/7 (0) 4/11 (36) 0/13 (0) 4/16 (25) 0/20 (0) 8/27 (30)

MRAC usein HFrEF, n/N (%)

No 3/7 (43) 3/8 (38) 1/13(8) 2112 (17) 4/20 (20) 5/20 (25)
Yes 417 (57) 5/8 (62 12/13 (92) 10/12(83)  16/20(80) 15/20 (75)
Missing 18 (12) 412 (33) 013 (0) 3/15 (20) 121 (5) 7127 (26)

RAASIP usein HFrEF, n/N (%)

No 317 (43) 7 (14) 3/13 (23) 3/12 (25) 6/20 (30) 4/19 (21)
Yes 417 (57) 6/7 (86) 10/13 (77 9/12 (75) 14/20 (70) 15/19 (79)
Missing 0/7 (0) 4/11 (36) 0/13 (0) 2/14 (14) 0/20 (0) 6/25 (24)

Neprilysin inhibitor usein HFrEF, n/N (%)

No 7/7 (100) 5/8 (62) 13/13 (100) 11/12 (92) 20/20 (100) 16/20 (80)
Yes 0/7 (0) 3/8(38) 0/13 (0) 1/12 (8) 0/20 (0) 4/20 (20)
Missing 2/9 (22) 5/13 (38) 0/13 (0) 3/15 (20) 2122 (9) 8/28 (29)

SGLT-2%inhibitor usein HFrEF, n (%)

No 7/7 (100) 7/8 (88) 12/12 (100) 12/12(100)  19/19 (100) 19/20 (95)
Yes 0/7 (0) 1/8(12) 0/12 (0) 0/12 (0) 0/19 (0) 1/20 (5)
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Variable Phase A (n=16)

Before After

Phase B (n=42)
Before

Tota

After Before After

Missing 2/9 (22) 5/13 (38)

1/13 (8) 3/15 (20) 3/22 (14) 8/28 (29)

@ot applicable.

BLVEF: left ventricular gjection fraction.
®Missing: n=5.

IMiss ng: n=13.

®Missing: n=18.

fbpm: beats per minute.

9IMissing: n=1.

Missi ng: n=7.

iMissing: n=19.

jMissing: n=26.

Kpul monary rales, jugular stasis, or leg edema.
'GDMT: guideline-directed medical therapy.
MHFrEF: heart failure with reduced ejection fraction.

"GDMT—at least one renin-angiotensin-aldosterone system inhibitor+1 B-blocker+1 mineral ocorticoid antagonist.

°MRA: mineralocorticoid receptor antagonist.
PRAAS-I: renin-angiotensin-al dosterone system inhibitor.
9SGLT-2: sodium-glucose cotransporter 2.

Data I ntegration 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 barriersand facilitatorsfor 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 tendenciesin the
primary care physicians prescription practices after telehealth
implementation.

https://cardio.jmir.org/2025/1/e64438

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 Trialsmodel items
adapting the intervention, adjusting the clinical context within
which the intervention would be delivered, and amending
elements of the trial design [71]. Practicaly, during the
feasibility trial, we decided to use the asynchronous tel ehealth
method and recruit patients discharged from hospitals and
emergency roomsin 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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Domain Quantitative results Qualitative results Mixed methodsinter- A pepT2 actions
pretation
Setting Of 73 patients with Primary careteamsreportedlack «  Thesettingis o Adapt theinterven-

available data, 30 (41%) of physiciansinindividual inter- challenging, re- tion for the setting
were White, and 28 views. quiring activein- conditions.
(38%) were Black or The population covered by the volvementof all .  Beaware of possible
from other ethnic minor- practiceis socioeconomically stakeholders. access hardships for
ity groups, contrasting vulnerable and hasinsufficient «  Facing difficul- non-White popula-
with the population of knowledge about their condition ties, physicians tions.
the study. and care. may privilege « Design cointerven-
The mean age of the patientswith eas- tions to overcome
study participantswas 61 ier accessto barriers (eg, patient
years, 4.5 years lower care. education activities).
than the mean reported « Actionsintegrat-
agein Brazil of patients ed with tele-
with heart failure. health support

aimed at patient

health literacy

could be syner-

gic.

Recruitment capacity

Assessment procedures

A total of 83 patientshad

Lack of awareness on the part of

Theresultsagree

«  Modifying theinter-

their cases discussed in the primary care physicians of and are likely to vention to include a
2 yearsin the practices their need for support. have a strong nudging strategy for
where physicians used Work overload hindered the use correlation. telehealth use would
the telehealth offer. of cardiologist support with « Anactive search favor recruitment.
Only 1in 15 physicians telehealth. by theresearch « A decision was made

who participated in the team of patients to include actively

individual interviews suitable for tele- sought out postdis-

used thetelehealth offer. health could charge patientsin the
help. subsequent trial.

I dentification of improve-

Both teleconsultant cardiologists

Theresultsagree

« Theinterventionis

ment opportunitiesfrom and family physicians are opti- and are likely to feasibleand potential-
the baselineclinical data mistic about using telehealth as have a strong ly beneficial for the
Userate of newer agents atool for care improvement. correlation. clinical performance.

to treat heart failure im-

Lack of awareness of support

«  Design cointerven-

proved from 0 (0%) to 5 need by some primary care tions to overcome
(20%). physicians related to the tele- barriers (eg, profes-
Lack of effect in other health offer siona education activ-
quantitative outcomes ities).

(eg, patients who were

decompensated)

Intervention delivery | dentification of improve- Positive feedback fromthepar- «  Theresultsagree «  Theinterventionis
mentsrelated to theinter- ticipants from the primary care and arelikely to feasibleif adapted.
vention teams have a correla- The intervention was
Userate of newer agents Videoconferences were time- tion. modified for asyn-

to treat heart failure im-

consuming.

chronous communica

proved from 0 (0%) to 5 tion in phase B.
(20%).
Implementation re- The upscaled offer of Thefeedback fromteleconsul- «  Theresultsagree «  Theinterventionis
sources telehealth was rapidly tants was positive. and are likely to feasible.
accepted in 13 primary The sustainability of the offer have a correla
care practicesin phase wasaconcernin the cardiologist tion.

B.

Thetelehealth offer
seemed cost-effective
and did not cause a bur-
den to the project fi-
nances.

focus group.
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Domain Quantitative results Qualitative results Mixed methodsinter- - A pepT2 actions
pretation
Acceptability o  Therewas no refusal o Content analysisof thepatient « Therewasanat- « Theintervention can

from primary care
physiciansto participate
in the study, although
compliance with the in-
tervention was low in
some settings.

focus group revealed restrictions
regarding the intervention as it
could bearisk for prompt access
to specialized care.

betailored to include
clarification about no
access block for the
patients.

tention point re-
garding the guar-
antee of access
to speciaized
care.

8ADePT: A Process for Decision-Making After Pilot and Feasibility Trials.

Discussion

Principal Findingsand Interpretation

In this study, we aimed to assess the feasibility of telehealth
support from cardiologists to primary care physicians for the
care of patientswith heart failurein the community setting. We
analyzed factors from the study context, stakeholders’ attitudes
and perceptions, barriers, facilitators, and possibleinfluence on
clinical practice.

The content analysis from focus groups and individua
interviews reveal ed afavorable opinion when participants were
asked about telehealth. In parallel, aspects of theintervention’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 ensuein different contextsisvital whileimplementing
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
interventionsinvolving knowledge-seeking behavior, including
eHealth technologies. In areview 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 a [84]. Other reviews and editorials by Robert
et al [41], Greenhalgh et a [42,43], and Greenhalgh and Russel|
[85] refer to some hardships that we aso found in our study.

Phase B participants who were interviewed reported low
engagement and acceptance dueto work overload. Thefindings
echo somereportsin theliterature. 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 individua interviews, can hinder the
implementation of innovations and, therefore, must be addressed
and discussed before theimplementation 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, weretheinability
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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
accessto the focal specialists will still be available when using
telehealth. Theliterature 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|ower 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 habitsand low self-carein 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. Thisfinding 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 areason as only 55% (12/22) of
the patients with HFrEF had prescriptions according to the
recommended |local and international guidelines. Unfortunately,
this phenomenon isfrequently 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
spironol actone, 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 mineral ocorticoids 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

JMIR Cardio 2025 | vol. 9 | €64438 | p.77
(page number not for citation purposes)


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

JMIR CARDIO

prescribed RAAS-1 and (3-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 al so defined the asynchronous tel ehealth model
as the intervention and planned the implementation of
educational activities to engage the target stakeholders [46].

Strengths

Thisstudy’sstrength liesinits use of mixed methodsto 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 astelehealth [48]. Integrating qualitative and
guantitative 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.

Thisstudy took placein primary care practicesin Rio de Janeiro,
whichisarich environment for clinical research duetoitslarge
dimensions, organi zation, and systematic use of electronic health
records[97]. Most studies about tel ehealth 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 tel ehealth does not directly involve patients
as participants, its ultimate goa is to improve their medical
care. Patients assessment of provider-to-provider telehealth
has been investigated in afew studies by some research groups
from North America[39].

Limitations

Our trial has several limitations. The first limitation related to
the study design isusing aconcurrent mixed methods approach
where quantitative and qualitative data are collected
simultaneoudly. This decision wasdriven by time and operability
congtraints. Nevertheless, we believethat it did not significantly
affect inferences or interpretations. We relied on reports from
theliterature 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
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pragmatism. The interactions were not frequent, but we
unfortunately did not track them as the measurement was not
planned in our data collection strategy.

Thethird limitation isthe 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,
especialy 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.

Thefourth limitation isthat we did not includelocal and regional
managers of primary care practices, an essential stakeholder
category, as participantsin thistrial. Asthey deeply understand
the work process in the practices, we may have missed crucia
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
guantitative 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 trialsand pil ot studies[51], determining and attaining
an adequate sample sizeisout of the scope of feasibility studies
asthe objective is not to draw statistical significance of power;
otherwise, the subsequent trial would not be necessary. In any
case, werelied on thisresult to anticipate and devel op 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 minima 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 intervention as an attainable opportunity to connect primary
physicians found it valuable and feasible but pointed to and speciaized care. Considering the needed modifications in
hardships in engagement due to work overload. Patients were recruitment and educational strategies, the intervention was
receptive, although they might feel unsafe if they do not have  assessed as suitable for the clinical trial.

direct access to a cardiologist. Cardiologists evaluated the
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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 |CD 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: Overal, 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 participantsinto profilesbased ontheir 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 al dimensions), and (4) profile 4
(insufficient readiness on 9 dimensions). Participantsin profile 4, characterized by the lowest readiness level s, 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.

(IMIR Cardio 2025;9:€58219) doi:10.2196/58219

https://cardio.jmir.org/2025/1/e€58219 JMIR Cardio 2025 | vol. 9 | €58219 | p.85
(page number not for citation purposes)


mailto:sncb91@gmail.com
http://dx.doi.org/10.2196/58219
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR CARDIO

KEYWORDS

Rosenmeier et al

implantable cardioverter defibrillator; health literacy; self-management; ICD rehabilitation; digital health literacy; patient-reported
outcome measure; self-reported; self-rated; exploratory; interview; sociodemographic; survey; cluster analysis; mixed method;

cross-sectional; Denmark

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 aleft gection fraction below 35% [3]. Despite asignificant
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], asystematic review involving 45 studies and over 5000
recipients found that approximately 20% of recipients of an
|CD 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. Previoudy, it has been proposed that
rehabilitation programs should incorporate customized,
hospital-based servicestailored 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, theinitial 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 theindividua’s unique
challenges, such asemotiona 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 thisapproach, we suggest implementing similar strategiesin
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 asufficient 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

https://cardio.jmir.org/2025/1/€58219

design of anew rehabilitation program, to addresstheindividual
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 aredesign will enhance both the patient experience and
assistin amoreefficient alocation of health care professional’s
resources. Thismay involve providing virtual or even generative
artificial intelligence—based services to individuas who are
digitally literate and alocating 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],
aongside 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
dimensionswith atotal of 65 itemsrelated to self-management,
social support, and digital health literacy. Theinstrument 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 recipientsof an ICD, describing
their needs, resources, and capabilities with respect to their
technology readiness.

Methods

Study Design

The study consisted of amixed 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
analysisof READHY dataled 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
technol ogy readinesswereinvited for interviews. Thisapproach
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 1CD rehabilitation meeting
following implantation at the Department of Cardiology at the
University Hospital of Copenhagen, Rigshospitalet. The ICD
rehabilitation meetings were conducted on amonthly basis, and
each recipient attended only once after their deviceimplantation.
The purpose of the meeting was to address common questions
about living with an ICD; provide genera 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
meetingswerefacilitated 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, atotal of 743 1CD deviceswereimplanted.
All patients received verba information about the voluntary
ICD rehabilitation meetings before discharge. At their first
post-1CD 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

Rosenmeier et al

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, atotal of 6
participants, selected from apool of 38 individuals, wereinvited
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 3recipientswereidentified from aprofile 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.

Sociodemogr aphic 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 a4-point response scal e 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 “emotiona 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 distressasreported in thevalidation
of the instrument [16].

Figurel. The13dimensionsof theREADHY (reproduced from[16], whichispublished 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. The4HLQ
dimensions add knowledge about theindividuals' capabilitiesto handle their condition and emotional response. The 2 eHL Q 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.

HLQ1 Feel un-
derstood and
supported by
healthcare pro-
viders

+ eHLQO7 Digital services that suit
individual needs

+ eHLQ6 Access to digital services
thatwork

= eHLQS Motivated to engage with
digital services

« eHLQ4 Feel safe and in control

/

HLQ4 Social
support for
health

« eHLQ3 Ability to actively engage
with digital services

« eHLQ2 Understanding of health
conceptsand language

= eHLQ1 Using technology to process
health information

+ heiQ3 Self-monitoring and insight

« heiQs Skill and technique acquisition

Self-rated health was assessed using a single item from the
36-item Short Form Health Survey [21]. The response options
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+ heiQ4 Constructive attitudes and approaches

+ heiQ8 Emotional distress

ranged from “very bad” to “very good,” graded on ascale from
1to 5, with values of 1 to 3indicating 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. Theresponse optionsfor educational level werereported
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

Datawere 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 al 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 ak-means cluster analysisrequires aprespecification
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 variablesand
one-way ANOVA for continuous variables. The results of the
one-way ANOVA were presented with P values, effect sizewas
calculated as eta-square (n?), 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
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and the professional background of theinterviewer. Furthermore,
participants were informed that theinterview 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 guidefor the semistructured interviews was devel oped based
on the READHY framework (Multimedia Appendix 1). The
intention of the interviews was to explore the participant’'s
perspectives on becoming arecipient 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 a the university (n=1), accommodating the
preferences of the individual participants.

Following the conclusion of each interview, a verbatim
transcription was meticul ously 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 NVivol2 (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 Consider ations

This study adheres to the ethical principles outlined in the
Declaration of Helsinki [26]. The Danish Data Protection
Agency approved the handling of dataunder journal P-2019-78,
|-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
thevoluntary 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 Nationa Centre for
Ethics. Dueto this exception, there were no approval s 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 ingtitutional data protection regulations. The datawere only
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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 toolsin 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.

Rosenmeier et al

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 al 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 eHL Q6 (P=.05).

Table 1. Comparison of READHY @ scores of recipients with primary and secondary prophylactic ICDP indication (N=76).

READHY dimensions P value Primary prophylactic ~ Secondary prophylactic
indication indication

heiQ®3: Self-monitoring and insight 46 2.95 3.02
heiQ4: Constructive Attitudes and Approaches .09 3.01 314
heiQ5: Skill and Technique Acquisition 97 2.85 2.95
heiQ8: Emotional Distress (reversed scale) .98 277 2.95
HLle: Feeling understood and supported by healthcare providers 01 3.03 3.23
HLQ4: Social support for health <.001 2.89 3.46

eHL QP1: Using technology to process health information 69 2.81 2.99
eHLQ2: Understanding of health concepts and language .03 3.01 3.17
eHLQ3: Ability to actively engage with digital services 22 2.96 3.09

eHL Q4: Feel safe and in control <.001 3.13 331
eHLQ5: Motivated to engage with digital services 14 2.88 31
eHLQ6: Accessto digital services that work .05 2.99 3.16
eHLQ7: Digital services that suit individual needs a7 2.79 2.98

3READHY: Readiness for Health Technology Index.
bicD: implantable cardioverter defibrillator.

‘heiQ: Health Education Impact Questionnaire.
9HLQ: Hedlth Literacy Questionnaire.

€eHLQ: eHedlth 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

https://cardio.jmir.org/2025/1/€58219

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 eHL Q2. Profile
4 showed agenerally insufficient level acrossthe scales, except
on HLQ1, eHLQ2, eHLQ4, and eHL Q5.
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Table 2. Four health technology readiness profiles on the READHY ? scale ranged from 1 (Strongly disagree) to 4 (Strongly agree; N=79). Profiles are
listed from the lowest average score (I€eft) to the highest scores (right)—highlighting the difference between each profile.

READHY dimensions Profiles
4(n=12) 1 (n=9) 2 (n=32) 3 (n=26)
Self-management, mean score
hei®Q3 (Self-monitoring and insight) 2.69 3.04 2.87 3.26
heiQ4 (Constructive Attitudes and A pproaches) 2.35 3.16 293 3.65
hei Q5 (Skill and Technique Acquisition) 221 297 281 3.36
heiQ8 (Emotional Distress; reversed) 1.80 3.56 2.80 3.35
Support, mean score
HLQ®1 (Feeling understood and supported by healthcare providers) 2.1 317 2.97 3.55
HLQ4 (Socia support for health) 2.58 3.13 3.19 3.68
eHealth literacy, mean score
eH Lle (Using technology to process health information) 2.67 2.31 2.76 351
eHL Q2 (Understanding of health concepts and language) 2.82 2.84 293 3.58
eHL Q3 (Ability to actively engage with digital services) 2.60 2.35 293 3.67
eHL Q4 (Feel safe and in control) 3.08 2.87 3.06 3.73

8READHY: Readiness for Health Technology Index.
Phei Q: Health Education Impact Questionnaire.
CHLQ: Hedlth Literacy Questionnaire.

deH LQ: eHedlth Literacy Questionnaire.

Characteristics of Profiles
Differencesin sociodemographic characteristics between profiles
are presented in Table 3. A differencein age (F370=3.1, P=.03,

n%=0.12) was observed. The biggest difference in age was
observed between profile 4 and profile 3 (P=.03) and between
profiled and profile 1 (P=.07). A differencein self-rated health
(F375=6.4, P=.001, n?=0.20) was observed between the 4

profiles. The biggest differencein self-rated health was observed

https://cardio.jmir.org/2025/1/€58219

between profile 4 and profile 3 (P<.001) and between profile 3
and profile 2 (P=.01). No differencein sex and educational level
wasfound. 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.

Characteristics All (N=79) Profile 1 (n=9, Profile2 (n=32, Profile3 (n=26, Profiled4 (n=12, P vaue
11%) 40%) 33%) 15%)
Gender, n (%) 45
Women 21 (27) 1(11) 8(25) 9(35) 3(25)
Men 56 (71) 8(89) 24 (75) 15 (58) 9(75)
Unknown sex 2(2 0(0) 0(0) 2(8) 0(0)
Age (years), mean (SD) 60.38 (12.3) 66 (10.0) 63 (12.7) 58 (12.8) 53 (7.8) .03
Highest attained level of education, n (%) 27
Long education 29 (37) 4(44) 10 (31) 12 (46) 3(25)
Short education 40 (51) 4 (44) 20 (62) 11 (42) 5(42)
Unknown education 10 (13) 1(11) 2 (6) 3(12) 4(33)
Self-rated health, n (%) .001
High self-rated health 43 (54) 6 (67) 15 (47) 20 (77) 2(17)
Low self-rated health 36 (46) 3(33) 17 (53) 6(23) 10(83)
Prophylacticindication, n (%) .62
Primary 29 (37) 4 (44) 13 (41) 6(23) 6 (50)
Secondary 47 (60) 5 (56) 18 (56) 18 (69) 6 (50)
Unknown 3(4) 0(0) 1(3) 2(8) 0(0)

Interview Findings

To explore how differencesin 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 scoresin 12 out
of 13 READHY scaes and lowest self-rated health, was
contrasted with profile 3, which demonstrated the highest scores
in all 13 scales aswell as self-rated health. For the interviews,
werecruited 3 participantsfrom 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.

Sdlf-M anagement

All participants engaged in self-management practices
addressing their physical and mental well-being. However, there
wasadistinction in how self-management wasinterpreted 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 physica
exertion, which they expressed a strong desire to sustain. For
instance, P3 stated:

| used to bike to work throughout the year, covering
approximately 10 kilometers each way. | engaged in
workouts at least twice a week and participated in a
weekly spinning class. Exercise, to me, equatesto an
enhanced quality of life, both presently and prior to
my illness. At present, | attend one or two spinning
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classes weekly, which | prefer not to disclose to my
doctors, asthey disapprove.

In contrast, no one in the “low-level group” used physical
activity as ameansto preserve their health.

Participants belonging to the “low-level group” approached
self-management in adistinct 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 articul ated:

After doctors' appointments | am more sensitive and
attentive to my body. Naturally, the plan isto initiate
lifestyle changes, which | have gradually
commenced. And "It seems like that's all I'm
engaged in - devoting my time to managing my health.
| visit the hospital constantly, and | mean incessantly.
Furthermore, | was enrolled in a heart rehabilitation
program last year.

For individualswithin the“low-level group,” arecurring 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?" Pl articulated
“Constantly! It occupies my thoughtsincessantly.” P2 concurred,
stating:

| think about it every time | shower, change my
clothing, and when | retire for the night; those are
the moments when it preoccupies my mind the most.
Additionally, | grapple with mental concerns such as
whether it would effectively function in the event of
an unforeseen circumstance.

JMIR Cardio 2025 | vol. 9 | €58219 | p.91
(page number not for citation purposes)


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

JMIR CARDIO

Similarly, P5 shared, “All the time! | 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
cam and trusting emotional state. As exemplified by P4 and
P6:

My perspective has been somewhat matter of fact; |
needed to have this device implanted, and that is
simply the way it is. Beyond that, | have not dwelled
on it extensively. [P4]

After a full day at work, | may experience some
soreness, but it reminds me of how reassuringitisto
have it watching over me. [P6]

Support

Social Support

In the management of their ICD, participantswho felt alack of
social support from family and friends during the rehabilitation
process have heightened emotional distress, necessitating
additional support from health care professionals. Without
substantial socia support from family and friends, the perception
of support from heath care professionals during their
hospitalization and rehabilitation process became crucia. A
lack of social support affected the participant’s ability to place
trust in the ICD technology and their capacity to adapt calmly
to lifewith 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 concernswith close
family members. The *“high-level group” experienced
tremendous comfort in doing so, whereasthe“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 psychol ogist.

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 themis challenging. Yet, they
want me to share my feelings. It's just very tough at
times.

https://cardio.jmir.org/2025/1/€58219
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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. | was operated
on at 2 a.m., and by 9 am., | 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, | 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 |
needed.

In contrast, all participants living with a partner consistently
reported the support provided by health care professionals as
highly satisfactory. P4 stated:

| felt safe from the moment | woke up in the hospital
and throughout my entire stay. | have been extremely
pleased with the care and treatment | received here.

P6 similarly expressed positive impressions, saying:

| wish | could write an article about it; it felt like a
five-star hotel. They treated me like royalty, providing
mewith detailed information, time, and care. Wewere
deeply impressed by the dedi cation 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 persona health records
through digital platforms. There was no noticeable difference
in motivation for digital rehabilitation between the 2 groups,
potentially dueto their recruitment from arehabilitation program
rather than during hospitalization. Moreover, both groups
displayed similar engagement with other heath-related
technologies, such as smartwatches and pulse oximeters,
indicating their willingness to embrace technology for a
digitalized rehabilitation experience tailored to their needs.

JMIR Cardio 2025 | vol. 9 | €58219 | p.92
(page number not for citation purposes)


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

JMIR CARDIO

A participant belonging to the “low-level group,” P5, detailed
her utilization of various technologies for managing her
condition:

| have been using my Apple Watch since | received
my first pacemaker. Sometimes, | would feel unwell
and worry about my pulse being too low. Tracking it
on my watch gives me peace of mind. Additionally, |
regularly log in to my online electronic health record
to stay informed about any updates. The more
information | acquire, the more at ease | feel.

Similarly, P4 belonging to the “high-level group” expressed:

| purchased an actual pulse oximeter when my
conditionfirst arose. | told my wifethat | needed one.
| have an imperative need to comprehend what is
transpiring.

ICD Indication

One distinguishing characteristic of recipients within the
“low-level group” wastheir lack of trust in the ICD technology
and the high levels of emotional distressthey 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, especialy
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 theinterviewed 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-L evel Group

This is a mae individual aged 53 years with low physical
activity levels and low self-rated health, diagnosed with other
comorbiditiesbefore | CD implantation. The patient isunmarried,
lives alone, has a limited social network, and experiences
significant emotional distress due to his condition on a daily
basis. He uses heal th technol ogies and actively seeksinformation
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 technologiesinto his daily routine.
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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 dlight
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 aone, 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-1CD 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

Wefound significant differencesin age and self-reported health
among the recipients of an ICD in different profiles, but no
significant difference in sex, educational level, or 1CD
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 contrastswith previous research, where older adultstended
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 |CD-related health outcomes.
This suggests the importance of considering other factors such
asother 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 apartner 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 participantsinthe“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 aspouse 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 digita health tools in their daily lives. This
contrasts with previous research, which suggests limited
technology engagement among individualswith chronicillnesses
[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 technol ogy.

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
levelsin digital health literacy compared with the other profiles.
Theintroduction of digital technologies may pose abarrier for
thisgroup, asthey do not possessthe 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 comesto 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 isto recognize
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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 | CD rehabilitation meeting
as an available option, particularly for individuals belonging to
profiles 1 and 4. Thisgroup 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 al individuals,
regardless of which of the 2 profilesthey belonged to, regularly
used digital services and found them to be comfortable and
reassuring. This suggests that most recipients of an 1CD,
including those with lower levels of digital health literacy, can
benefit from the enhanced integration of technology into the
| CD 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 pathwaysvary
based on the indication. Patients undergoing secondary ICD
placement, often due to acute conditions like cardiac arrest,
experience amore 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. Despitethis, our qualitative analysisremained impartial,
as al interviewed participants underwent secondary 1CD
placement, ensuring a one-to-one basis for comparison.

Recipients with primary ICD indications had lower, but
sufficient, levelsof al 13READHY scalescompared with those
with secondary indications. This was significant in relation to
support from both professionals (HLQ1) and relatives or peers
(HLQ4); it wasaso 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 (eHL Q2). 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 variousfactors, including health status, social support, and
lifestyle, influence the experiences of recipientsof anICD. The
vignettes serve as representative examples with the purpose of
assisting health care professionals in identifying patient
characterigtics, ultimately enabling the delivery of moretailored
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 professionalsin their everyday
work.

Strengths and Limitations

A strength of the study liesin its foundation on an established
model previously used in patientswith other chronic conditions.
The data help trandlate the understanding of health technology
readinessinto anew clinical area, providing afresh perspective
for health care professionals in cardiology. This enables them
to better meet patients’ needs while considering their resources
and capabilitiesinadigital context, including mental and social
aspects.

However, alimitation of this study isthe absence of interviews
with individuals from profile 1, which is characterized by the
lowest level of digital health literacy, particularly in scales
eHLQL, 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 ahigh level of self-management
ability may have participated. This could also increase the risk
of atype 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 alarger sample sizewithin thistimeframe. Nevertheless,
despite this limitation, the data still contribute significantly to
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our understanding of recipients of an ICD and the dynamics of
their competencies.

Finaly, a limitation in interpreting the differences between
primary and secondary indications for ICD placement isworth
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 differencesin READHY scalesand 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 datainto 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 needsrel ated to self-management,
digital health literacy, and experienced support in the context
of ICD rehabilitation.

For exampl e, profile 3 demonstrated high readiness scores across
all dimensions, indicating strong self-management capabilities
and apotential for greater engagement with digital health tools.
In contrast, profile 4 had low scores across multiple areas,
representing individual swith significant challengesin 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 asprofiles 1 and 2, which exhibit unique needs that demand
tail ored rehabilitation approaches, particularly in the context of
digital hedlth literacy. By understanding the diversity within
this population and considering theimpact of sociodemographic
factors, hedth satus, and social support, health care
professional's can provide more personalized and effective care
to recipients of an ICD in the future.
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Abstract

Electrocardiography isan 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 alowed 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 (Al)-led rhythm
interpretation, diagnostic accuracy is improved greatly when compared with conventional ECG-machine interpretation. The
improved wearability may also tranglate into increased rates of detected arrhythmias. Despite the many positives, wearable ECG
technology bringswithit its own challenges. Diagnostic accuracy, managing patient expectations and limitations, and incorporating
home ECG monitoring into clinical guidelines have al arisen as challenges for the modern clinician. Decentralized monitoring
and patient alertsto 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
theimplicationsin diagnostic accuracy. Thisreview article examinesthe underlying physiological principlesof electrocardiography,
aswell as examines how wearable ECGs have changed the clinical landscape today, wheretheir limitationslie, and what clinicians
can expect in the future with their increasing use.

(IMIR Cardio 2025;9:€62719) doi:10.2196/62719

KEYWORDS

mobile applications; electrocardiogram; wearable monitoring; app; wearable; electrocardiograph; ECG; e ectrocardiography;
mobile app; tool; ischemic; arrhythmia; wearable ECG; doctor; smartwatch; atrial fibrillation

range of popular wearable technologies incorporating this

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

https://cardio.jmir.org/2025/1/€62719

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 (Al)
in ECG interpretation, have implications for medical
practitioners. More patients will be presenting with possibly
abnormal ECGsrecorded by their home devices, with associated
anxiety and health care use aready reported [6]. It is up to
physicians have athorough 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 redly the history of
electrophysiology, which can be traced back to Galvani's [7]
experimentation in the 18th century on therole 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
basi ¢ 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 apositive charge on their outer membrane
that result from theintra- and extracellular distribution of ions.

At rest, potassium (K*) ions are at a high concentration

https://cardio.jmir.org/2025/1/€62719
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intracellularly whilst sodium (Na'), calcium (Ca?*), and chloride

(CI") have a higher concentration outside of the cell [11]. The
balance of ion flow (predominantly by the outward diffusion

of K* owing to membrane permesbility) 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” (I;) [11]. Contractile myocytes
are depolarized after pacemaker cells depolarize, thereby
opening I; T and L-type Ca®* 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 Ca® channels.
Once these channels close, active transports for sodium and
calcium begin removing theseionsto 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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Figurel. Cardiac depolarization: myocyte cardiac action potential showing ion flux acrossthe membrane and resultant changesin the resting membrane

potential and depolarization wavefront.
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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 asan electrical field on the skin by surface electrodes.
The 2 electrodes act as voltmeters at their respective points and
measurethe potential difference between them, with the“view*
between the positive and negative electrode known as alead.For
example, Lead | represents the potentia difference between
voltages measured at theright arm (RA ; negative electrode) and
left arm (LA; positive electrode) [15]. Asan electric field moves

https://cardio.jmir.org/2025/1/€62719

RenderX

toward the left arm (positive electrode), a positive potential
difference (or voltage) isrecorded, 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 themyocardium[2]. It isthisoverall vector sum
(or cardiac dipole) that isrepresented by the ECG trace. Having
multipleleads allows simultaneous recording of the same current
flow in many different views. Traditionally, a 12-lead view is
used in clinical electrocardiography. Thisincludes Einthoven's
original 3-lead view, as well as 3 augmented leads (which are
unipolar with aneutral 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
Al. Mobile devices are amost ubiquitous in modern society
and are used daily by 2-3 billion people[16]. In asociety where
patients are eager for moreinvolvement intheir health and have
asmartphone at their fingertips, it should come aslittle surprise
that technology for home health monitoring has developed at a
rapid pace. The wearable ECG device is an example of this,

Smith & Maisrikrod

available using such devices as Kardia Band (AliveCor) and
the Apple Watch.

The basic science principles behind these devices are the same
asthetraditional ECG. The device (whether it be aphone case,
watch case, or other portable device) will have 2 metal plates
that create the positive and negative el ectrodes of Lead |. When
the right and left hands (or a wrist) touch both of these
electrodes, a bipolar Lead | 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 Al
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 | (marked with + and —). When the user touches both
simultaneously, atracing from the view of Lead | can berecorded. (B) The second panel demonstrates the vector path thistakes (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 theinitial step of
visiting aphysician [19]. Thisis 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,

https://cardio.jmir.org/2025/1/€62719
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including detailed datafor 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 Al can learn and adapt
when exposed to a new “learning set” of patient results. By
providing vast training sets of datato these algorithmsin 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 asensitivity
of 96% compared with the initial values of 87% and 97%,
respectively [18]. In an eraof greater connectivity, the potential
for crowdsourcing enormous datasets has resulted in more
accurate and reliable algorithms, with several proprietary and
open-source A F-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.

Wear able ECG Monitoring in Clinical Practice

Themain use of thesedevicesin clinical practiceisthe 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].
AFisoneof themost investigated applicationsasit iscommonly
asymptomatic, has ahigh prevalence (up to 1.4% of all patients
aged >65 years), and can lead to devasting consequences such
asstroke 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 subsegquent
hypothetical community screening economic anaysis
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% ClI 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 populationsis steadily increasing, and several
further trials are planned for examining wearable ECG
technology in other populations, including children [26,34,35].
Casereportsexist of wearable ECG technology detecting cardiac
ischemia[36] exercise-related arrhythmiasin athletes[37], and
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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
methodol ogies of AF screening and diagnosis have already been
discussed; some of the biggest advantages are that patients are
morelikely to wear these comfortable, easily accessible devices,
faster ECG analysis using Al agorithms 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; asurvey of 88 people
showed that 82% found the device useful and the use of the
device prompted adoctor’svisit in 25% of patients[27]. While
thisobvioudly has abenefit 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 thistechnology isitsrelianceusing Lead . 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 moreleads) 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 |, Lead |1, and Lead Il (3 leads). This
can make theinterpretation 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 visiblein
Lead |. Having only 1 lead on an extremity also increases the
risk of artifacts; without other leadsto compare with, artifactual
“noise” is more difficult to exclude, and this noise can be
amplified by having only 1 loosely attached el ectrode compared
with traditionally several firmly attached electrodes.

One method of circumventing these limitations, however, is by
changing the positioning of the positiveterminal of the el ectrode
(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 |1, providing
now a2-lead view of the heart. This has been shown toimprove
the diagnostic accuracy of some cardiac arrhythmias, especially
atria flutter, which may be more visible in inferior leads [39].
By simply moving this el ectrode, 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

theright leg, the lead window changesfrom | to I1.

Thereare other patient limitations. Using home ECG monitoring
relies on patient technical skill set, aswell asfinancial security
to purchase one of these devices, and have consistent internet
connectivity. With an aging popul ation, the popul ation that may
benefit the most from the detection of occult arrhythmias (ie,
ol der population) may bethe group that strugglesthe most with
adopting this technology. In addition, financial cost and
consistent internet connectivity may also prove challenges for
widespread adaptation.

The other major limitation isthe practicality of physician access.
Ironically, one of the greatest strengths of these devices (24-hour
continuous monitoring for aslong asthe 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 apossible
arrhythmiaoutside of their doctor’savailability may beleft with
2 options: wait until an appointment becomes available,
worrying all thewhile about potential strokesor cardiac events,
or visit their nearest emergency department. From a resource
use standpoint, this becomes worrisome, asin some studies, up
to 7.3% of normal ECGswerereported asabnormal (sensitivity
97.1%, specificity 78.5%). Applied to thereal 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
deviceisavexing 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
guestion raised above: how confident can a physician be based
of al-lead ECG that there is no further pathology to exclude?
What are the medicolegal implications of not fully working up
apatient with asingle positive trace who then has a devastating
cardiovascular event? These issues need to be considered for
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the clinician to provide safe and sound medical treatment and
advice to patients and as the prevalence of these devicesrises,
these are issues that will be faced by more and more clinicians.

Risk stratification may be useful here. The RITMO study
examined whether having ahigher 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.
I nstitution-provided monitors (eg, Holter monitors) have their
data reviewed by physicians, and patient follow-up isinitiated
inthe event of significant dysrhythmias. With consumer-owned
devices, thereisno assurance of follow-up, even if asignificant
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 machinetaking
the recordings becomes smaller and the software interpreting
the readings becomes smarter, the underlying principlesremain
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 awearable 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 peopl€’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

Smith & Maisrikrod

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 |1 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: Atria 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 CHA,DS,-VASc (congestive heart failure;
hypertension; age =75 years[doubled]; type 2 diabetes; previous stroke, transient i schemic attack, or thromboembolism [doubl ed];
vascular disease; age 65 to 75 years, and sex category) score of 1 for men and 2 for women. Eligibility criteria included no
diagnosisof AF and no prior OAC use. Partici pants 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+V C; n=200). Participants were subrandomized within the 2 visual-based groupsto view either agauge display or anicon
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+V C group (visual vs standard P=.23; visual+V C vs standard P=.20).
Participantswerelesslikely to choose OAC in thevisual groups (standard: mean 58.3, SD 30; visual: mean 51.4, SD 32; visua+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; visua+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: Visua 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. Futurework should
determine the role of a gauge versusicon array visual for decision-making in stroke prevention in AF.

(IMIR 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 awide variety
of patientswith AF, anticoagul ation reducestherisk 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 viathe CHA,DS,-VA Sc (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/al cohol 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
(CHA,DS,-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. Thisis 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 (CHA,DS,-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 activitiesthat encourage peopleto consider how much
subjective weight they place on different possible outcomes
[8-10]. For many years, devel opers 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 therisks 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 providersin the user-centered
design of a decision support tool for anticoagulation in AF
(ODSF step 1), built the technology to deliver this tailored

https://cardio.jmir.org/2025/1/e67956
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decision support tool (ODSF step 2), and tested if the decision
support tool with avalues clarification improvesthe knowledge
of the trade-offs of anticoagulation in AF (ODSF step 3).

Methods

Study Design

We used a user-centered design to devel op 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 arandomized controlled trial using asample of adults
recruited from across the United States using a panel managed
by the online survey company Qualtrics. Participants were
eligibleif they were 45 to 64 years old, had not been diagnosed
with AF, and had not taken anticoagulants.

The Qualtrics-administered survey asked participantsto imagine
themselves as a patient diagnosed with AF and hypertension,
which made the imaginary patient a CHA,DS,-VA Sc 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 patientsto receive no visua (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 displayswith avalues
clarification (visual+V C 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. Thisvalues 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 dlider toward avoiding a
stroke, the pointer moved toward the recommendation to “ start
anticoagulation.” Asthe 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+V C group were subrandomized to receive
either a gauge display showing the CHA,DS,-VASc score or
an icon array representing the individua’s probability of
experiencing astroke using aperson icon [7]. Theindividuas
probability of experiencing a stroke did not change during the
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values clarification exercise. Figures 1-4 display examples of  survey, including consent, patient scenario, educational content,
the 4 visualizations. Participants were also asked several and questions, is available in Multimedia Appendix 1.
guestions to capture baseline characteristics. The complete

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 femal e with hypertension.
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Figure 3. Example visuaization with icon array for a 75-year-old female with hypertension.
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Figure4. Example visuaization with gauge for a 75-year-old female with hypertension.
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Outcomes

Parti cipants 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
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A stroke risk score of 2 means that
11 out of 100 women (11%) like you
experience a stroke within 5 years.

Stroke Risk (CHADS-VASc score)
ranges from O to 9.

participantsin 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]. Thefour 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 yesto
al 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 theright
of the scale and, “Definitely NOT take an anticoagulant,” (0)
on the | eft.

Secondary outcomes were questions about the participants
understanding of anticoagulation for SPAF. The questionswere:
(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 al 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
patientsin the visual group and 70% of patientsin thevisual+VC
group answering “Yes' to al questions on the SURE test, the
primary outcome. Thiswas 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

Dorsch et d

test. We set our recruitment goa for this study at 200
participantsin 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
guestions were analyzed using an analysis of variance and
reported as amean and SD of the scale in each group.

Ethical Consider ations

This study was determined to be exempt by the University of
Michigan Ingtitutiona Review Board (HUMO00183776).
Participants consented to participate in the survey study.
Completed questionnaires were collected anonymously, and
the datawere 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 visua representation of
relevant probabilities (visual group), or the new decision support
tool that combines design-tailored visua displays with values
clarification (visua+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.

Figure5. Flow diagram for patient enrollment, randomization, and analysis.
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Variable Standard (n=255) Visua (n=218) Visua+V C (n=200) P vaue
Age (years), mean (SD) 54.4 (5.8) 545 (5.8) 54.3 (6.1) .93
Sex (female), n (%) 128 (50.2) 102 (46.8) 97 (48.5) .76
Race, n (%) .55

Black 34(13.3) 27 (12.4) 26 (13)

Other 29 (11.4) 21 (9.6) 24 (12)

White 192 (75.3) 170 (78) 150 (75)
Hispanic or Latino, n (%)  55(21.5) 44 (20.2) 24 (12) .02
Self-rated health status, n .68
(%)
Poor 4(1.6) 8(3.7) 7(3.5)
Fair 40 (15.7) 43(19.7) 34(17)
Good 126 (49.4) 104 (47.7) 90 (45)
Very good 66 (25.6) 51 (23.4) 57 (28.5)
Excellent 19 (7.5) 12 (5.5) 12 (6)
SeenanHCPRinlast 12 196 (76.9) 162 (74.3) 156 (78) 66
months, n (%)
Prescription insurance, n 210(82.4) 177 (81.2) 164 (82) .95
(%)
Knows someone with 61(23.9) 64 (29.4) 61 (30.5) .23
AFib®, n (%)
Knows someonetakingan 115 (45.1) 103 (47.3) 103 (51.5) .39
OACE, n (%)
Confidencefilling out .24
forms, n (%)

Never 6 (2.4) 3(L4) 1(0.5)

Occasionaly 0(0) 5(2.3) 2(1

Sometimes 18(7.1) 11(5.2) 10 (5)

Often 42 (16.5) 39(17.9) 40 (20)

Always 189 (74.1) 160 (73.4) 147 (73.5)
Help reading, n (%) 102 (40) 74 (33.9) 87 (43.5) 13
Problemsreading, n (%) 101 (39.6) 77(35.2) 77 (385) 62

3HCP: hedlth care provider.
PAFib: 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+V C 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;

https://cardio.jmir.org/2025/1/e67956

RenderX

P=.20). In exploratory analyses of each question, participants
felt more sure about the best choice for them, question 1 of the
SURE tegt, if they were presented with either visual compared
to standard education (visua vs standard, OR 1.59, 95% CI
1.01 - 2.49; P=.04; visual+VC vs standard, OR 1.48, 95% ClI
0.94 - 2.33; P=.09). Table 2 shows the overall SURE test and
the individual components.
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Table. SURE?test by group.
Variable Standard, n (%) Visua, n (%) Visual+VC, n (%) ORb (95% C|) and P value
Yestoal 4 SURE questions 156 (61.2) 145 (66.5) 134 (67) «  Visual versusNo Visu-
al: 1.26 (0.86 - 1.84);
pP=.23
«  Visua+VC versusNo
Visual: 1.29 (0.87 -
1.90); P=.20
Doyoufeel SURE aboutthe 191 (74.9) 180 (82.6) 163 (81.5) o  Visual versusNo Visu-
best choice for you? Yes a: 1.59 (1.01 - 2.49);
P=.04
«  Visua+VC versusNo
Visual: 1.48 (0.94 -
2.33); P=.09
Do you know the benefits 224 (87.8) 193 (88.5) 179 (89.5) «  Visual versusNo Visu-
and risks of each option? a:1.07 (0.61 - 1.87);
Yes p=.82
o  Visua+VC versusNo
Visual 1.18 (0.66 -
2.12); P=.59
Areyou clear about which 225 (88.2) 185 (84.9) 173 (86.5) o Visual versusNo Visu-
benefits and risks matter a:0.75(0.44 - 1.27);
most to you? Yes P=.28
«  Visua+VC versusNo
Visual: 0.85 (0.49 -
1.49); P=.58
Doyou haveenough support 189 (74.1) 167 (76.6) 151 (75.5) «  Visual versusNo Visu-
and advice to make a a:1.14 (0.75 - 1.74);
choice? Yes P=.53

o  Visual +VCversusNo
Visual: 1.08 (0.70 -
1.65); P=.65

8SURE: Sure of Myself; Understand Information; Risk-Benefit Ratio; Encouragement.

POR: 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) inthevisual group, and 51.9 (SD 28) inthe 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
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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 visua+VC group (P<.001). Table 3
demonstrates more detail on the questions about choosing OAC
and stroke risk.
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Variable Standard, mean (SD)

Visual, mean (SD)

Visua+VC, mean (SD) P vaue

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

58.3 (30.0) 51.4 (32.0)

How much of areduction
would anticoagul ation make
to your risk of strokein
AFibP? O=very small,
100=very large

63.8 (22.0) 54.2 (28.0)

How important is anticoagu-
lation for stroke prevention
in AFib? 0=Not important,

100=Extremely important

75.6 (18.0) 75.7 (19.0)

How worried would you be
about bleeding if you took
anticoagulation for stroke
prevention in AFib? 0=Not
worried, 100=Extremely
worried

64.3 (24.0) 65.2 (25.0)

How worried would you be
about having astrokeif you
did NOT take anticoagula-
tion? O=Not worried,
100=Extremely worried

66.3 (26.0) 63 (28.0)

51.9 (28.0) 03

58.6 (25.0) <.001

73.9 (16.0) 55

63 (23.0) 63

62.1 (26.0) 21

30AC: oral anticoagulation.
bAFib: atrial fibrillation.

No significant differenceswere found between the visualization
methods, gauge, and icon array for the outcome of the SURE
test. Participants answered “yes’ to al 4 SURE test questions,
65.9% (137/208) when shown a gauge and 67.6% (142/210)
when shown anicon array group (P=.70). Participantswere less
likely to choose to take an OAC when shown agauge compared

https://cardio.jmir.org/2025/1/e67956

RenderX

toanicon array (mean 48.8, SD 31 vsmean 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 OAC? and stroke risk by visualization method.

Variable Gauge (n=208), mean (SD)

Icon array (n=210), mean (SD) P value

Based on how you feel about this
decision right now, would you say
you will choose to: 0=Do not take
OAC, 100=Take CAC

48.8(31.0)

How much of areduction would
anticoagulation make to your risk
of stroke in AFib°? O=very small,
100=very large

52.1(27.0)

How important is anticoagulation
for stroke prevention in AFib?
0=Not important, 100=Extremely
important

74.6 (17.0)

How worried would you be about
bleeding if you took anticoagulation
for stroke preventionin AFib?
0=Not worried, 100=Extremely
worried

64.5 (24.0)

How worried would you be about
having astrokeif you did NOT take
anticoagulation? 0O=Not worried,
100=Extremely worried

60.5 (27.0)

55.4 (30.0) 03
60.4 (25.0)

.001

75.1 (18.0) 76

63.7 (24.0) 73

64.7 (27.0) a1

30AC: oral anticoagulation.
bAFib: atrial fibrillation.

Discussion

Principal Results

Thistrial 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 strokein 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 CHA,DS,-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.
Thisis unique for the CHA,DS,-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 severa factors. Based on patient feedback, we used a

https://cardio.jmir.org/2025/1/e67956

horizontal bar for the values clarification. Previous versions of
thetool we created and thosein theliterature used avertical bar
to represent the values clarification [8]. The horizontal bar could
have led to more confusion than vertical bars. Additionally, the
participantsin 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 visua 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 participantslesslikely
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 madeit easier for participantsto
understand the estimated risk and decide to take an OAC.

Limitations

Thereare severd limitationsto thisstudy. First, thetool ismeant
for ashared decision-making session with apatient 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 aprovider, it could
lead to abetter understanding of thetool. Future research should
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investigate the use of the tool with a provider present to guide Conclusions
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, CHA, DS, -VASc of 1 for men or
2 for women) where shared decision-making remainsapriority.

Overdll, 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 devel oped with psychological theory.

Objective: We aimed to evaluate the effect of the PortfolioDiet.app on dietary adherence and its acceptability among adults
with ahigh risk of CVD over 12 weeks.

Methods: Potential participantswith evidence of atherosclerosis and aminimum of one additional CV D risk factor in an ongoing
trial were invited to participate in a remote web-based ancillary study by email. Eligible participants were randomized ina 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 Scaleranging from 0 to 100, with ascore >70 being considered acceptable, and aqualitative analysis
of open-ended questions using NVivo 12.

Results: Intotal, 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 amean 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 atendency for amean
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%) pointsin 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 Usahility 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 atrial for CVD management.

Trial Registration:

(JMIR Cardio 2025;9:€58124) doi:10.2196/58124
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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 factorsfor 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) levelswell above
the guidelinetargets[2,3]. LDL-C hasbeen 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 guidelinesin Canadaand 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 ahead-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

https://cardio.jmir.org/2025/1/€58124

therapies in clinical practice remains limited. This dilemma
stemsfrom several barriersthat 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.

Dueto 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 wasto 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; Clinical Trials.gov NCT02481466). All participants
for the ancillary study were recruited from those randomized
to oneof the 2 Portfolio Diet arms at the St. Michael’sHospital,
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 wasto gather complementary
datafrom 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 afuturetrial.

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’sHospital 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/m? 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
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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, goa setting, educationa features, and email

messages.

Withinthe“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 recipesthat 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 hasfound to support behavior change, increasing
measures of physical activity and decreasing measures of
adiposity [31]. These featuresinclude star rewardsfor engaging
with the app, allowing usersto 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 alow 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
guestion 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, aform 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 messagesrelated to goals; (F) personal favorite mealsfor easy tracking; (G) subcategory Portfolio
Diet Scoreswith daily targets of 5 points; (H) progress-tracking graph displaying the monthly progress of the score; and (1) leaderboard with other app

users 30-day average.
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The app uses a dietary score to guide users on the amount of
key foods to eat and to provide personalized feedback. The
clinica Portfolio Diet Score (c-PDS) has previously been
validated in asimilar 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 ismost similar to their intake and then the item will appear
on their dashboard. The app alows for self-monitoring and
provides feedback through an average daily score on the home
page and the current day’s score and, below, agraph 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
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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 wasfrozen during thetrial. 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 alocation 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 participantsor 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 adherenceto 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 templ ates. Participants
were trained and supported by registered dietitiansto complete
the records, and paper copies were mailed to participants with
telephone discussions scheduled every 3 months. The ¢c-PDS
was cal culated from the 7DDRs and ranges from 0 to 25 paints,
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 evauated through the app’s web-based
repository based on participants log-ins over the 12 weeks.
Usahility was assessed using the System Usability Scale (SUS).
The SUS is a validated usability questionnaire that has been
used in clinical settingsto assessthe 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 ascore 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, unlikethe primary outcome of dietary
adherence, was not calculated from the 7DDR.

Multimedia Appendix 3 showsthe 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 |eft 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 caculated using the Friedewald equation [37].
Anthropometric data were collected when participants were
fasting by trained study staff, and information on medications
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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 aprior multi-center randomized controlled
trial, atotal of 56 participants were required to detect a >3.28
point differencein c-PDSwith 80% power (1-), =.05, and SD
4.30[38]. Statistical analysiswas 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 patternsand concepts
within the data[40]. A coding framework was collaboratively
established, and each member of the research team conducted
anindividual 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 initialy 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 theidentified codes. | dentified codeswerefurther
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 devel opment was maintained, and
potential biases were acknowledged with regular discussions
to minimizeinfluence. In addition, adetailed 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 atotal of 66 participantswere 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 wereeligible (3
did not have apersonal email and 2 requested no contact during
the COVID-19 pandemic). Potential participants were invited
by email to participatein the ancillary study. Between July 2021

Kavanagh et d

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 sitewas
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.
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Baseline Characteristics

Table 1 showsthe 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
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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.

Total (N=14) App group (n=8) Control group (n=6) P vaue
Age (y), mean (SD) 65.4 (9) 65 (9) 66 (9) 96
Sex, n (%) .30
Female 9 (64) 4 (50) 5(83)
Male 5 (36) 4 (50) 1(17)
Race or ethnicity, n (%) .99
Black 2 (14) 1(12.5) 1(17)
Filipino 2(14) 1(12.5) 1(17)
South Asian 3(21) 2(25) 1(17)
White 7 (50) 4 (50) 3(50)
Body weight (kg), mean (SD) 73.1(13.3) 68.9 (11.3) 78.7 (14.8) 18
BMI (kg/m?), mean (SD) 28.0 (4.3 262 (4.5) 303(5.0) 07
Waist circumference (cm), mean (SD) 96.6 (11.5) 92.1(10.7) 102.7 (10.3) .09
BP? (mm Hg), mean (SD)
Systolic BP 114.8 (16.9) 113.8 (11.7) 116.1 (23.4) .80
Diastolic BP 64.9 (11.4) 61 (7.3) 70 (14.5) 15
Type 2 diabetes, n (%) 4(29) 2(25) 2(33) .99
Lipids (mmoal/L), mean (SD)
Total cholesterol 48(1.7) 46(1.9) 5.0 (1.4) 75
LDL-cbe 2.8(1.5) 2.7(19) 29(11) 79
HDL-cd 1.4 (0.49) 1.5(0.3) 1.4 (0.49) .70
Non-HDL-C 3.4(1.6) 3.3(2.0) 35(1.2) 83
Triglycerides 1.3(0.5) 1.3(0.6) 1.3(0.4) .99
Medication use
Lipid-lowering medication, n (%) 10 (71) 7(88) 3(50) .25
Antihypertensive medication, n (%) 9 (64) 5(63) 4 (67) .99
Duration enrolled in the PortfolioEx trial (months), mean 24.6 (4.1) 23.3(4.7) 26.5(2.3) A5
(SD)
¢-PDS® (paints; range 0 to 25), mean (SD) 134 (4.4) 132(3.7) 137(58) 87

3BP: blood pressure.

bLpL-C: low-density lipoprotein cholesterol.

°LDL-C level was calculated using the Friedewald equation [37].
9HDL-C: high-density lipoprotein cholesterol.

€c-PDS: clinical Portfolio Diet Score.

group (P=.93), although neither increase was statistically

Dietary Adherence to the Portfolio Diet significant (P=.62) from baseline and there was no difference

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 adherenceto the Portfolio Diet
increased by 1.25 (SD 2.8; 1.25/25, 5%) pointsin the app group
(P=.28) and 0.19 (SD 4.4; 0.19/25, 1%) points in the control
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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-B) 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)2
App group (n=7) Control group (n=5)
Week, mean (SD) AP, mean P value® Week, mean (SD) A, mean Pvaue®  Pvaue®
(SD) (SD)

0 12 0 12
Nutsand seeds, points 3.4 (1.2)  3.6(1.6) 0.2(1.8) 82 28(12) 27(16) -01(23) .92 82
Plant protein, points  2.8(1.1) 26(1.3) -02(0.8) .54 32(17) 29(23) -03(07) 48 91
Viscous fiber, points 3.3 (1.5) 2.8(1.8) -0.5(0.9) 21 26(1.7) 22(1.2) -0.4 (0.9 .32 .94
Plant sterols, points ~ 2.0(1.8)  3.6(1.8)  1.6(1.9) .08 35(17) 43(05)  0.7(18) 41 46
HighMUFAoilsand 16(11)  18(12)  02(0.9) 56 16(18 19(1.6) 03(08) 48 91
foods, points
Total c¢-PDS, points 132(37)  145(5.1) 13(28) 28 137(58) 139(52) 0.2(4.4) 93 62

&The individual components are shown in points (range 0 to 5), which make up the total c-PDS (range 0 to 25).

2\ represents change.

P 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 individua 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 functionsin 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
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as the top app features for helping participants learn about the
diet and support their interest or engagement in using the app,
respectively.

Participant I nsights 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
guestionnaire 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 statementsin each

main themeisindicated by “(n=)".
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Theme 1. User Engagement

Overview

The theme user engagement describes participants’ experiences
using the PortfolioDiet.app and shedslight 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:

| 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,
| can't see using the app daily for me. [Participant 6]

Progress

Most participants acknowledged the app’srolein 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:
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| enjoy tracking as it keeps me on target for food

intake. [Participant 3]
Another participant mentioned that the |eaderboard encouraged
them to “ cheat morerather 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 participantsto 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 theingenuity of the app’s concept and itsthoughtful
design:

| think the concept is very clever and built in a
meaningful way.... | have a much better understanding
of the diet and how | 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 3years
before incorporating the app into their routine. They found that
using the app for tracking purposes was more convenient and
practical compared to using atraditional paper checklist:

| was already on the third year of the Portfolio Diet
when | 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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| 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 asimilar 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 pointsand their implications:

The weekly questions for points were an interesting

addition that | liked. | could not figure out what the

star points meant when | logged out. | couldn’t find

an explanation if you miss a certain number of days

or a certain threshold of daily points that you would

dlide backwards in the 30 day points graph.

[Participant 6]
Over atelephone 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 s ower
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 aunique
perspective by focusing on helpful waysto 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:

[Theapp] helped melook at howto increase my daily
[Portfolio Diet] score. For example, after | started
using the app, | 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 meetingswith trained dietitians,
as part of the ongoing PortfolioEx trial:

Therewas nothing more in the app than what we were
taught to do. [Participant 2]

Theme 2: App Features

After reviewing thefeedback 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:
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The recipes were a nice addition however, | 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 | just assumeif it
has lots of oat bran or soy within, then it fitswith 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
caloriediet”:

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:

| did not like that it didn’t line up exactly with the
Daily checklist sheets which | used for about a year
or more and got used to the portions and amounts on
these sheets. Itdidn'tlineup. | alsodidn’t like at first
that | 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
opportunitiesto 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
categoriesand how to improve your scoreif 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, | found mysdlf to be a little frustrated in
some of the way the points are distributed. Using the
viscousfibre category asan examplethat [ highlights]
the frustration | manage to eat at least an orange or
an apple a day but not 2. Also, | 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 cal culating points, expressing uncertainty about
the value of food servings in terms of points:

At times, it is confusing calculating points. An
example isthe QOils. For 1 tsp of ail isthe point “ 1”
or “ 2" points? [Participant 3]

Food Options

Thefeedback 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:

| 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
themain 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 barriersin 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’sremark 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 aso 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
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dietary habits to the Portfolio Diet, especially when faced with
challenges like limited availability of certain products:

| find soy foods in the freezer aisle of Loblaws and
use the shelf life Soy milk so | don’t haveto go to the
store so often during Covid... | 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 I mpact

Asthis study was run during the COV1D-19 pandemic, aspecific
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
meetingswith the study dietitiansand gym closures, while others
articulated how they had been self-sufficient and were able to
find study foods independently outside of the clinic.
Interestingly, asthe study was at the “tail end” of thelockdown,
the impact of business reopening was noted by 1 participant:

Yes, with lock down, | was ableto follow the diet very
well, but since opening up, | have been moreinclined
to eat out and also crave foods that | 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 | am excited to try the foods of
the region we aretravelling in so | 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 moreinformation
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 asthe 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
optionto record half portions of food, afeature 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 theimportance 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
gradualy declined. Beyond the usability, the app increased
sdlf-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. Theseresults shed light on the potential of app-based
technology as a promising platform to trandate 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, aigns 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. Thismessaging could include anote
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 questionsidentified 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 severa 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
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trained dietitians may provide an indication of why others may
have responded “No” to this question about increasing
knowledge on the Portfolio Diet. Asall 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.

Thetheme*“ 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 featuresto the app.
Participants expressed a desire for additional food options and
visua meal plans, aswell as more diabetes-rel ated 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 commentsimply possible modificationsto
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 usersto 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 interventionstargeting risk factors show promise
inreducing CVD risk, yet their effectswere 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 talored 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 appsfocused on delivering atherapeutic
dietary pattern, a systematic review of 5 studiesin 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 asdifferent population groups may
prefer different strategies [43], emphasizing the importance of
tailoring health appsto their intended population and allowing
for personalization within the app. Interestingly, qualitative
analysisof other health apps have identified similar themeswith
“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. Konig et a [46] found that app usability wasimportant
for sustained uptake. The PortfolioDiet.app has been deemed
usabl e in both a convenience sample of usersand in our current
representative sample of participants. When comparing our
usability scoreto othersin the literature, araw 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 appsfound 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]. Thisfinding
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 arangefrom 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.appin a
convenience sample of users[26].

Strengths and Limitations

The primary strength of this study is the assessment of the
PortfolioDiet.app within itsintended 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
guantitative and qualitative datais also a strength of this study
asit allowed for acomprehensive understanding of participants
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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 delaysin the REB review dueto 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), =.05 so we were underpowered to detect a
significant differencein dietary adherence between groups. The
limited sample size should al so 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 thisrange, so acautiousinterpretation of the results
iS necessary.

In addition, we did not measure health-related risk factors
directly. While much of theresearch in the realm of health apps
has shown improvementsin 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 aslipid 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 iscrucial 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 isespecially important when participants
are not visiting the study center and instead are compl eting the
guestionnairesremotely. 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 guestionnaires to assess the usability of mobile health
(mHealth) apps have recently been devel oped, the SUSremains
widely used and considered suitablefor assessing digital health
apps [48,54]. However, to enhance specificity to mHealth apps,
future evaluations of the PortfolioDiet.app administering
guestionnaires could include the user-oriented Maobile
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 continuesto be aleading cause of mortality in Canada
and globally [57], prioritizing lifestyleinterventionsfor disease
prevention and management is pivota. Among these
interventions, the Portfolio Diet is an effective therapy for
managing dydlipidemiaand reducing therisk of CVD. Asatool
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 ol der adults (aged >55 years),
78.5% agreed or strongly agreed that mobile devices madetheir
learning easier [58], highlighting the potential of the
PortfolioDiet.app to engage and empower older individuals,
who are a critica demographic for cardiovascular health
management. This observation underscores the substantial
implications of the PortfolioDiet.app and the importance of
tailoring the app to ensure ol der adults can engage with the app.
From this study, we can discern both the app’s strengths and
limitationsin itsintended population of high-risk adults. These
insightswill guide usin refining the PortfolioDiet.app, creating
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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 tria
investigating the effect of the PortfolioDiet.app on lipid targets
in a high-risk population, which may provide evidence of its
potential health benefits.

a tool that better meets the needs of its target population.
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Abstract

Background: Medica advancesin managing patients with chronic heart disease (HD) permit the co-occurrence of other chronic
diseases dueto 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 interactionsin 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 portfolioswhileidentifying 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 al 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 variablesin 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 afactor of 1.4 compared to theinteraction model. Stroke, osteoporosis, chronic obstructive
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pulmonary disease, dementia, and depression were identified as chronic diseasesinvolved 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 patientswith HD. Thisstudy illustrated that complex interactions are widespread
among the co-occurring chronic diseases of patientswith 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:€57749) 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 aprolonged
life span comesarisk of developing additional chronic diseases
and complications to their HD [2], causing them to become
multimorbid [3]. Multimorbidity is highly prevalent among
patientswith HD [2,4,5], and the increasing di sease burden may
modify time to death [6].

Recent research hasidentified 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 devel opment 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 devel op. Thisdynamic expansion
reflects the progressive accumulation of chronic diseasesin 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 theimpact 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’slife span has previously

https://cardio.jmir.org/2025/1/e57749

been highlighted [3,12,13]. However, rather than treating
multimorbidity asasingular risk factor, wetook amore 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 devel opment
of guidelines for relevant coexisting diseases [14,15]. For
instance, consider a disease portfolio comprising HD and
osteoporosis. Theimpact on the mortality hazard rate may vary
between men and women. Expanding on thisexample, 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 hesalth 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 amodel 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.

Werecognizetheinherent complexity in interpreting interaction
effects, especialy 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 asimpler model inwhich
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 aspecific patient with HD. For example,
apatient 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

Holmet d

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 diseasesin 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, subseguently, the hypertension, stroke, and cancer diagnoses at different times (measured in yearsfollowing
HD diagnosis) before death. (B) The corresponding longitudinal development of the hazard ratio of the patient relative to atheoretical patient who only

has HD and is not multimorbid.

A

[HD,
[HD,

[HD] hypertension]

hypertension,
stroke]

[Cancer,
HD,
hypertension,

stroke] Death

12

Methods

Data Foundation

All children born in Denmark or any new residents are, by law,
required to obtain a unique persona 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 algorithmsinitially 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 datarecorded 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
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Therapeutic Chemical or 1CD-10 (International Satistical
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 criteriawere applied. Our
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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 thetime of HD diagnosisacrossall patientsin the population.
Similarly, we calculated preval ences 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 diagnosistime ast=0 and aligned our timescal e 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 timevarying information on individua diagnoses;
information on sex (male or female), age, educational attainment
level (none, short, medium, long, missing, and missing before
1920); and calendar time wereincluded 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, alowing 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) eventsthat trigger the algorithmic
diagnosis (Multimedia Appendix 1). An example of apotential
sequence of diagnosesis showcased in Figure 1.

Inthe extended Cox proportional hazard model [30], the hazard
h; for the ith individua at time t is given by the following

equation:
E
D

Inthisequation, hy(t) isthe unspecified baseline hazard function

for amale individual with no education without any diagnoses
except HD. X;;(t) denotes the variable j for individual i (with

X;(t) denoting a vector of al variables) at timet, with i=1,...,n.
The 3, are the effect parameters. Dueto hy(t) being unspecified,

these parameters are linked to the relative mortality hazard rate
of avariable as opposed to the absolute risk. Equation 1 assumes
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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 3; 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 analyzethe data, thefollowing 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 I nteractions

It is essentia to account for diagnosis interactions as such
parameters serveto model the entire effect of disease portfolios
associated with mortality. Possible omitted interaction effects
from amodel in which asignificant interaction exists can result
in amisrepresentation 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 model s including interaction effects, amodel
solely consisting of the primary and intrinsic variables’ main
effects (and squared and cubic terms) was estimated for
reference.

We considered k-way interactionsiteratively for k=2,..., M, with
M being a predetermined upper limit. The selection procedure
startsfrom an initial model including all main effects and works
in the following way for each value of k:

- Generate n. candidate variable additions obtained from the
current model by adding a single k-way interaction to an
aready existing (k — 1)-way interaction, also adding
necessary lower hierarchical terms.

«  Repeat until there are no candidate model s bel ow the cutoff:
(1) estimate each of the candidate models obtained from
adding any of the n, variables not aready 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 a/n. as the current
model.

« Clean up potentially masked significances in the k-way
selection path through backward selection using atest level
of a.

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 agorithm, a
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Bonferroni-adjusted cutoff isused to minimize therisk of false
discoveries as each variable addition is potentially tested for
inclusion n. 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 al 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 wereincluded 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
whilediscarding insignificant terms. Before backward selection,
any discarded terms were included again through forward
selection. To introduce conservatism, al variable selections
were performed with a=.001. The resulting model with all
selected interactions was labeled as the ALL model.

In addition to the ALL model, the variable sel ection 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 asthe LASSO algorithm for the
Cox model [36]. We used a selection threshold of 0.9 following
the recommendation in thework by Meinshausen and Buhimann
[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 criteriaz 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 effectsfrom the OME
model on the log-hazard scale.
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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 asinglediagnosis
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 anindividual 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 scenarioswere determined in adata-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 wereincluded
(n=406,792, 53.06% male). The mean age at the time of HD
diagnosiswas 67.51 (SD 13.07) yearsfor male individuals and
73.02 (SD 13.37) yearsfor femaleindividuals (further baseline
characteristics are available in table 2 in the work by Holm et
a [28]). At the end of the observation period, 57.95%
(444,233/766,596) were dead (222,112/406,792, 54.6% mae
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). Thiswas 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 alergies 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). Differencesin 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.
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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 al diseases
interacting, with some diseases involved in more complex
interactionsthan other chronic diseases. Intotal, 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.

https://cardio.jmir.org/2025/1/e57749

Sex |:| Female |:| Male I:' Total

Some of the most prevalent diseases, alergiesand hypertension,
were not part of these complex relationships.

The chronic disease alergies were part of 5 interaction
relationships with other diseases, involving two 4-way, two
3-way, and asingle 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-occurrencesin 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 (MultimediaAppendix 3).
For the stable model, only up to 4-way interactions were
detected (Multimedia Appendix 4). In general, most of the
interactions between diseasesidentified inthe ALL model were
also present in the D10 and stable models (M ultimedia A ppendix
5).
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Figure 3. Graphical representation of disease-disease interactions in the al 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 col or represents the highest-order interaction rel ationship 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.
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Effects

Differencein 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 onthelog-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 effectsinthe ALL
model for each disease portfolio were computed at mean age
and calendar timelevels, aggregating over combinations of both
sexes and all educational attainment levels. To compute an
overal 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
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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, dightly 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 appliesto femal e individual s with disease
portfolios of size 3. In general, the HR multiplier was slightly
greater for female individuals compared to male individuals
across al disease portfolios.
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Figure4. Differencein effect estimatesfor disease portfolios of increasing size for female and maleindividuals. Each bar represents aweighted 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.
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Most Frequent Disease Portfolios

The effects of the 10 most frequent disease portfolio dyads,
triads, tetrads, and pentads are presented on thelog-hazard scale
at increasing educational attainment levelsfor maleindividuals
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
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and female individuals. However, the magnitude of the effects
wasgreater inthe ALL model than inthe 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 visiblein 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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Figure5. 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 al 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: alergies; 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. Effectsof the 10 most frequent disease portfolio dyads (A), triads (B), tetrads (C), and pentads (D). Effects are shown for femaeindividuals
of varying educational attainment levels at the log-hazard rate scale. Comparisons are made to a female individua of the corresponding educational
attainment level who only has heart disease (HD). Effects are presented for the al 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: alergies; 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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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 diseaseswereall part of 5-way
interactions, making the effects associated with their portfolios
the most complex. For dyads, triads, tetrads, and pentads, the
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OME model generally yielded lower effects than the ALL
model. Thisimpliesan underestimation of mortality riskin male
individuals for these portfolios when interactions were not
model ed. The underestimation was greatest for disease portfolios
involving dementiaor stroke. Similar results were observed for
femaleindividuals but a so included alarge 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.
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Disease Portfolios With the Highest Mortality | mpact

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], [dementiad], [schizophrenial, [stroke], and
[COPD] ranked within the top 5 for both sexes. Notably,
[cancer] exhibited thelargest HR (6.72 for maleindividualsand
7.59 for female individuals). When considering triads and
tetrads, cancer was similarly consistently featured in the top 5
portfolios for both sexes. Thisindicates that cancer contributes
to agreatly 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
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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
dementiaand schizophreniawere prominent in most of thetriads
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 femaleindividuals, thetetrads
with the highest mortality impact typically consisted of stroke
in combination with dementia or schizophrenia.
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Table 1. The5 largest hazard ratios (HRs) for dyad, triad, and tetrad disease portfolios.
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Rank

Portfolio?

HR (99.9% CI)°

Individuals®, n (%)

Maleindividuals
Dyads (n=188,910)

1 [CANY] 6.72 (6.06-7.45) 6702 (3.55)
2 [DEME] 3.99 (3.59-4.43) 1272 (0.67)
3 [SCH] 3.04 (2.85-3.24) 888 (0.47)
4 [STY] 2.89 (2.66-3.14) 5722 (3.03)
5 [coPD"] 2.81 (2.55-3.10) 7884 (4.17)
Triads (n= 229,552
1 [CAN, SCH] 13.26 (11.50-15.29) 66 (0.03)
2 [CAN, COPD] 11.34(9.89-12.99) 1356 (0.59)
3 [CAN, OP] 10.35 (9.01-11.90) 433(0.19)
4 [CAN, DEM] 10.06 (8.38-12.07) 131 (0.06)
5 [CAN, ST] 9.87 (8.59-11.35) 773 (0.34)
Tetrads (n=195,248)
1 [CAN, COPD, SCH] 19.21 (16.33-22.60) 28 (0.01)
2 [CAN, SCH, ST] 16.82 (14.14-20.01) 14 (0.01)
3 [CAN, COFD, OF] 16.40 (14.10-19.07) 157 (0.08)
4 [CAN, COPD, ST] 15.92 (13.29-19.07) 168 (0.09)
5 [CAN, COPD, DEM] 14.71 (11.59-18.67) 30(0.02)
Femaleindividuals
D yads (n= 148,395)
1 [CAN] 7.59 (6.83-8.43) 3559 (2.4)
2 [DEM] 4.41 (3.98-4.89) 1180 (0.8)
3 [ST] 3.60 (3.27-3.97) 3386 (2.28)
4 [COPD] 357 (3.23-3.95) 4335 (2.92)
5 [SCH] 2.74 (2.56-2.92) 663 (0.45)
T riads (n=190,272)
1 [CAN, COPD] 15.39 (13.51-17.53) 622 (0.33)
2 [CAN, SCH] 13.38 (11.70-15.31) 58 (0.03)
3 [CAN, DEM] 12.84 (10.60-15.56) 90 (0.05)
4 [CAN, ST] 12.65 (10.91-14.67) 296 (0.16)
5 [CAN, DIA]] 10.44 (9.24-11.80) 251(0.13)
Tetrads (n= 177,755)
1 [CAN, COPD, SCH] 24.10 (20.45-28.41) 14 (0.01)
2 [CAN, COPD, DEM] 23.13 (17.89-29.91) 13 (0.01)
3 [CAN, COPD, ST] 22.80 (18.84-27.59) 54(0.03)
4 [CAN, DEM, ST] 19.14 (15.03-24.37) 20 (0.01)
5 [CAN, COPD, OPF] 17.57 (15.06-20.48) 168 (0.09)

3All 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 femaleindividuals acrossall educational attainment levels using wei ghts corresponding to the number of individual s with each portfolio within
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that subpopulation. Portfolios with <10 individuals were excluded.

®The number of unique male or female individuals who had exactly this combination of diseases at any time during the observation period. Percentages
are among al male or female individual s observed with dyads, triads, and tetrads, respectively.

dCAN: cancer.

®DEM: dementia.

fscH: schizophrenia.

9ST: stroke.

RCOPD: chronic obstructive pulmonary disease.
ioP: osteoporosis.

IDIA: diabetes.
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Table 2. The5 largest hazard ratios (HRs) for dyad, triad, and tetrad disease portfolios excluding portfolios with cancer.

Rank Portfolio® HR (99.9% CI)° Number of individuals®
Maleindividuals
Dyads (n= 182,208 )
1 [DEMY] 3.99 (3.59-4.43) 1272 (0.7)
2 [SCHE 3.04 (2.85-2.24) 888 (0.49)
3 (ST 2.89 (2.66-3.14) 5722 (3.14)
4 [coPpY 2.81 (2.55-3.10) 7884 (4.33)
5 [0 2.47 (2.26-2.69) 2341 (1.28)
Triads (n= 206,638)
1 [DEM, OF| 8.58 (7.49-9.84) 257 (0.12)
2 [DEM, ST] 7.54 (6.58-8.65) 380(0.18)
3 [COPD, SCH] 7.37 (6.58-8.24) 177 (0.09)
4 [DEM, SCH] 7.12 (6.34-8.00) 228 (0.11)
5 [SCH, ST] 6.50 (5.80-7.28) 117 (0.06)
Tetrads (n= 164,266 )
1 [DEM, OP, ST] 13.37 (11.32-15.78) 98 (0.06)
2 [DEM, OP, SCH] 12.36 (10.46-14.61) 52 (0.03)
3 [DEM,DIA| OF| 12,09 (10.21-14.31) 19(0.01)
4 [COPD, DEM, OF] 11.90 (10.00-14.16) 42 (0.03)
5 [COPD, OP, SCH] 11.72 (10.26-13.40) 26 (0.02)
Femaleindividuals
Dyads (n= 144,836 )
1 [DEM] 4.41 (3.98-4.89) 1180 (0.81)
2 [ST] 3.60 (3.27-3.97) 3386 (2.34)
3 [COPD] 3.57 (3.23-3.95) 4335 (2.99)
4 [SCH] 2.74 (2.56-2.92) 663 (0.46)
5 [DIA] 2.31(2.18-2.44) 2939 (2.03)
Triads (n=174,861)
1 [ST, DEM] 9.77 (8.49-11.24) 268 (0.15)
2 [COPD, DEM] 8.68 (7.36-10.24) 113 (0.06)
3 [COPD, SCH] 8.44 (7.52-9.47) 106 (0.06)
4 [ST, COPD] 8.42 (7.27-9.75) 324(0.19)
5 [OP, DEM] 7.96 (6.99-9.06) 649 (0.37)
Tetrads (n=154,975)
1 [COPD, DEM, ST] 16.65 (13.54-20.47) 32 (0.02)
2 [DEM, DIA, ST] 15.04 (12.95-17.46) 35(0.02)
3 [COPD, SCH, ST] 14.79 (12.56-17.41) 12 (0.01)
4 [DEM, OP, ST] 14.58 (12.36-17.20) 142 (0.09)
5 [COPD, DEM, OF] 13.86 (11.51-16.70) 72 (0.05)

8A|| 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 femaleindividualsacrossall educational attainment levels using wei ghts corresponding to the number of individual s with each portfolio within
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®The number of unique male or female individuals who had exactly this combination of diseases at any time during the observation period. Percentages
are among al male or female individual s observed with dyads, triads, and tetrads, respectively, excluding those with cancer.

9DEM: dementia

€SCH: schizophrenia

fST: stroke.

9COPD: chronic obstructive pulmonary disease.
hop: osteoporosis.

'DIA: 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 isillustrated in
Figure 8, which presents HRs comparing femae to male
individuals across the 50 most prevalent disease portfolios at
different educational levels. Overal, the figure shows adecrease
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 cholesteral,
diabetes] and [stroke, hypertension, high cholesteral, 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
portfoliosthan for maleindividual s. 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
adight reduction in female mortality hazard rate compared to
male mortality hazard rate.

Figure 8. Hazard ratios (HRs) of female (vsmal€) sex by disease portfolio and educational attainment level. Estimates for the 50 most common disease
portfolios are shown with 99.9% Cls. 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 alabel
in the plot (the second from the left) corresponds to the disease portfolio with only HD. AL: alergies; 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

Toillustrate 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

Holmet d

male and femal e individual s of increasing disease portfolio size.
The effect of COPD was greatest in triads (HR=2.81 for male
individualsand 3.57 for femaleindividuals) 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 scal e using weights determined
based on the occurrence of each specific disease portfolio across the different educational attainment levels for each sex.

Sex Disease portfolio size

2 3 4 5 6 7 8
HR for male individuas 281 2.98 2.74 2.50 227 2.08 191
HR for female individuals 357 3.77 343 3.08 275 245 219

Scenarios

We present 4 scenarios in Figure 9 to illustrate how the ALL
model’s estimates trandate to the risk scale. In Figure 9A, we
show the first scenario, which consists of the trajectory of
schizophreniafollowed by cancer and then dementia. Thefigure
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 asubstantial 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 amale heavy smoker. In this scenario, the patient
initially obtains HD diagnosis while also having hypertension

https://cardio.jmir.org/2025/1/e57749

and high cholesterol. Over the following years, the patient
receives a diabetes diagnosis, which further elevates the
mortality risk. Therisk accelerates even more with the addition
of aCOPD diagnosis and, finally, acancer diagnosis. In Figure
9C, a scenario showing the risk over time for a depression,
osteoporosis, and dementia tragjectory at different educational
attainment levelsfor both the ALL and OME moddl is presented.
A deviation between the ALL and OME modelsismost visible
at the dementia disease, after which therisk 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 mae 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) maleindividual
of varying educational attainment levelswho 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).
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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 alarge, longitudinal dataset encompassing al Danish
adult patients with HD in the period from 1995 to 2015. We
identified interactions through amodel 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 asimpler
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 isthe most extensive study examining

https://cardio.jmir.org/2025/1/e57749
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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 aternative 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.
Overdll, 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 femaleindividuals, 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 educationa attainment level, the greater
the associated HR of the disease portfolio (Figures 5-7;
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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
dementiafreguently 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.

Effectsand I nteractions

The high complexity of the estimated interaction model isclearly
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 interactionsinvolving
cancer and diabetes, which could be why they were not
identified among the most complex interactions in the ALL
model. Nevertheless, most interactions between individua
chronic diseasesidentified 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
alongwith HD. Infact, many of the effect modificationsimplied
by the presence of interactions led to an attenuation of the
combined effect of the diseases compared to their effectsin an
additive model. Biologically, thisis reasonable asthe considered
patients are generally frail dueto their HD, thereby causing the
continued addition of chronic diseasesto increasefrailty 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
portfolioswith psychiatric diseases complicate theinterpretation
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
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of view, this illustrates the interplay between somatic and
psychiatric diseases concerning mortality [37,38]. Studiesreport
increased prevalence and risk of psychiatric diagnoses for
patientswith cardiovascular diseases and their risk factors[39],
and efforts should be made to improve these patients
psychological function. In addition, several studiesindicate an
increased mortality risk in psychiatric patients when
comorbidities are present [ 7,37,38]. Indeed, we also found that
the psychiatric diseases schizophreniaand dementiawere present
in the disease portfolios with the highest HRs (Tables 1 and 2).
Asaresult, thisstudy has substantial implicationsfor 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 diagnosisin 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 patientswith 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 areason
for these observed differences. Asthe underestimation of effects
asserted itself even for disease portfolios of small size, it could
be attributed to the first few manifestations of multimorbidity
(ie, thefirst diseases devel oped after HD) being moreimportant
for survival than later. While the risk continuously increases
with the addition of diagnoses, the individual disease effectsdo
not combine additively. As aresult, 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 sSituations 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 (Figure4), it isessential 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 a so diagnosed with high cholesterol arelikely
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, theseindividual s diagnosed with HD might
represent alessfrail part of the HD population who might have
a higher degree of hedlth literacy, thus being more aware of
their conditions and receiving attention from their genera
practitioners. Another possible explanation is our use of
diagnosistimeinstead of thetime 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 isalso
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 recognizethat an additional chronic diseaseintroduces
new chalenges, 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 osteoporosisin maleindividuals compared to female
individuals (Figures 5, 6, and 8; Table 1). Notably, despite the
generally higher prevalence of osteoporosisin femaleindividuals
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 level s of education
[46]. Consequently, given that the reference patient with HD
who was not multimorbid was generaly 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
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reflects the increased relative mortality hazard rate associated
with having a specific multimorbid disease portfolio compared
to only having HD. Importantly, theinverse social gradient does
not directly translate to increased mortality with higher
educational level on therisk scale, asillustrated 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
popul ation.

Asclinical 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 afew
disease portfolios, particularly for the portfolio [dementia] and,
in many cases, when dementia was combined with diabetes or
stroke. It iswell known that demographic changes have caused
an increase in the prevalence of dementia over the years [49],
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 multiplechronic conditionsin alarge, temporal dataset
requires consideration of the individual’s complete disease
portfolio. The extended Cox model used throughout this work
was chosen because it alows for modeling time-varying
variablesin asurvival 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, afew assumptionswere made about
the hazard function, namely, the rel ationship between covariates
and the hazard function. By examining Schoenfeld residuals,
wefound that, in some cases, the proportiona 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 differencesin
prevalence at time t=0 and the end of the observation period
(Figure 2) in this study illustrate much progression in disease
portfolios. Thus, itisessential to consider thiswhen conducting
atempora statistical analysis. When interpreting effects, it is
crucial to keep the population in mind. Asthe 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 individua without any chronic diseases.
Furthermore, with Denmark being a European welfare state,
the population differsfrom those of many other countrieswhere
individuals may have to pay for examinations; thus, the effects
might not be directly comparable due to variationsin treatment
accessibility.

Itiscrucial to elaborate further on the contrasts associated with
the presented effect estimates. The estimates presented compare
apatient 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
apatient 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 diagnosesin
the disease portfolio versus not having it. However, in the
presence of high-order interactions, the interpretation is only
theincreased (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 scenariosin Figure 9 were created toillustrate 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 astime 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 essentia 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 beinformative 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 asthose presented.

Strengths and Weaknesses

The main strength of this study is the entire Danish population
of individuals diagnosed with HD observed over along period
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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
resultsdo not enable usto 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 crucia to interpret the longitudinal effects
associated with adiagnosisin the context of exactly adiagnosis
(ie, the detection of the disease), wherethe 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
patientswith 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 educationa 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 portfoliosincluding
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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Prevalence of diagnoses according to sex.
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Multimedia Appendix 3

Graphical representation of disease-disease interactionsin 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. Theribbon chart isordered by number of connections between diseases, starting from
allergieswith 5 connections al the way to cancer, which interacts with all the additional diseases
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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’swidth 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.
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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 isidentified. Due to symmetry, only half of the tableis presented.
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Multimedia Appendix 6

Male hazard ratios (HRs) for the 10 most common disease portfolio dyads, triads, tetrads, and pentads. The results are presented
for theall 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 maleindividual s 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.
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Multimedia Appendix 7

Female hazard ratios (HRs) for the 10 most common disease portfolio dyads, triads, tetrads, and pentads. Theresults are presented
for theall 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 comprisesfemaleindividualswith 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.
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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 individual s of varying educational attainment levels
at the log-hazard rate scale. Comparisons are made to afemaleindividua 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
effectsmodel (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: Hypertension is aleading 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 signal s 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 alarge 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 graphsinto 1 causal graph and identified
features that were causally related to hypertension from the causal graph. Finally, we used these features to detect hypertension
viamachine 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: Theresultsindicated 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; photopl ethysmogram

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

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) 2140 mm

Hg or diastolic BP (DBP) 290 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

https://cardio.jmir.org/2025/1/e60238

between the increase in BP level and the occurrence of
cardiovascular or rena pathological conditions and even fatal
events. The definition of high blood pressure as SBP 2140 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, atotal 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 unhesalthy 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 amost al hypertensive individuals [4]. Furthermore,
considering that hypertension may not show any symptomsin
its early stages and that there is a continuous relationship
between anincreasein BP and therisk of stroke, coronary heart
disease, heart failure, and chronic kidney diseaseg, 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
processis 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

https://cardio.jmir.org/2025/1/e60238
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methods include classic machine learning models with
hand-extracted features and feature representation learning with
deep learning methods. For example, Paragliola et a [6]
proposed a novel approach for analyzing and classifying the
ECG signal with ahybrid deep learning network method called
hybrid deep network, which combines|ong 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 a [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 featuresrelated 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 F;-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 a [9] developed a2-band optimal orthogonal
wavelet filter bank method, which generates 6 subbands from
each ECG signa 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 correl ated 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 factorswill 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 moretrustworthy guidance for further exploring
the physiological mechanisms of hypertension [11].

Inthiswork, we proposeto 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 signas. Then,
combined with the detected causal features, we will predict
hypertension and eval uate its predi ction 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 asthe 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 agorithm (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.
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Methods pregnant women, prisoners, institutionalized individuals, and
individuals younger than 18 years were excluded from

The methods of this paper can be divided into 7 steps; the details  Paticipation due to their vulnerable status. All the subjects
of each step are shown in Figure 1. voluntarily participated in the experiment and signed informed
consent. The origina informed consent and the institutional
Ethical Considerations review board both alow for secondary analysis without
additional consent. The dataset used in this study was
de-identified to protect the privacy of the subjects.

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 Data

institutional review board approval from WCG IRB (Puyallup, .

WA, United States). Individuals unable to consent in English, 1€ database that we obtained data from was developed for

validating new methods for blood pressure measurement with
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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 fina
retention of measurement data from 405 participants, comprising
183 hypertensive patients and 222 healthy individual s. 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.

Gong et a

Moreover, measurementsin this protocol were abtained during
controlled laboratory visits spaced at least 24 hours apart.
Additionally, dynamic measurementswere collected during the
24-hour interval between laboratory visits. Automatic
measurements were taken every 30 minutesin 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
signalswith the extraction method defined in our previous study
[13]. Thefeaturesmainly include pulsetransit 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 fiducia points of ECG, PPG, dPPG,
and sdPPG signals of each cardiac cycle were identified to
caculate the features. The identified fiducial points are
illustrated in Figure 3.

Table. Features extracted from electrocardiogram and photopl ethysmogram signals.

Index Classification Definition of features

1-10 Pulse transit time Time deviation between R peak of electrocardio-
gram and fiducial pointsof photoplethysmogram

11 - 66 Time duration Time duration between 2 fiducial points of pho-
toplethysmogram

67 - 111 Amplitude Amplitude between fiducial points of photo-
plethysmogram

112 - 130 Pulseintensity Intensity of photoplethysmogram, dPPG? and
sdPPGP at fiducial points

131 - 185 Area Area under the photoplethysmogram curve be-
tween fiducia points

186 - 205 Relative index Physiological meaningful ratio index

%dPPG: 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]. Al: absolute intensity; AR: area under the
PPG curve; AM: amplitude; dPPG: thefirst derivative of PPG; ECG: electrocardiogram; PPG: photoplethysmogram; PTT: pulsetransit time; PW: pulse

width; RRI: R-R interval; sdPPG: the second derivative of PPG.

Feature Point (FP, 1[110) = [PPG valley, sdPPG a, dPPG peak,
sdPPG a, PPG peak, sdPPG ¢, sdPPG d, dPPG valley, sdPPG
e, sdPPG f, PPG valley next]

PTT = FP(i) - R peak, i=1[110

TD =[RRI, (FP(j) - FP(i)), i,j=1[110, and j>i]
AM = PPG(FP(j)) - PPG(FP(i)), i=1(110, and j>i
AIPPG = PPG(FPY(i)), i=1110

AldPPG = dPPG(FP(i)), i=1110

AlsdPPG = sdPPG(FP(i)), i=2,4,7(110

AR = Area between (FP(j) — FP(i)), i,j=1C110

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].
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After obtaining the above features, we can perform feature
selection and build acausal graph based on the causal inference
algorithm.

Algorithm of Causal | nference

We used the greedy equivalence search (GES) algorithm to
learn the causal graph. The GES agorithm is based on the
theoretical basis of Meek’s conjecture [14]. The Meek's
conjectureis: if direct acyclic graph (DAG) M isan 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 a gorithm to get
thefinal causal graph. Figure 4 showstheimplementation 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 agorithm.

An equivalent graph with no — Remove the single directed edge <@
dependencies
No
. . Scoring function reaches
— Add the possible single edge maximum —
No Yes Yes

Scoring function reaches
maximum. Final cause and effect diagram

Textbox 1. Algorithm 1: Apply-edge-operation(G,H).

Input: DAGSG and H where GsH and G£H

1:SetG -G

2: While G and H contain anode Y that isasink node in both DAGs and for which PaY G=PaY H, remove Y and al incident edges from both DAGs
3: end while

4: LetY beany sink nodein H

5:if Y hasno childrenin G then

6: Let X beany parent of Y in H that is not a parent of

7:Y inG, add theedge X - Y

8 retun G'

9: end if

10: Let DeY G denote the descendants of Y inG

11: And let D O 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 isadescendant of Y in G
13:if Y - Ziscoveredin G

14: reverseY - ZinG'

15: Return G'

16: end if

17: if There existsanode X that isa parent of Y but not aparent of Z in G’ then
18:add X ~Zto G’

19: return G'

20: end if

21: Let X beany parent of Z that is not aparent of Y

22:AddY Y toG

23: return G'

Output: DAG G' that results from adding or reversing an edgein G.

Then, the GES algorithm has 2 stages. In thefirst stage, it starts  and keeps adding possible edges to search for the largest
from an equivalence class (empty graph) with no dependencies  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
thelocal maximum again, and thefinal causal graph isobtained.

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 dataand processit uniformly, resulting
in aloss of valuable information. Therefore, we introduce a
generalized scoring function to replace traditional scoring
functions. The generalized function isprimarily 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 signalsaretime
series data, we extracted the beat-by-beat features and
calculated the statistical metrics of these 205 features to
represent thetemporal variability information. The statistical
metrics include: standard deviation, range, mean, quartile
deviation, coefficient of variation, and median, which result
in 205x6=1230 dimensional features. This alows us to

https://cardio.jmir.org/2025/1/e60238
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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
relationshipsand causal effectsamong the extracted feature
variables and hypertension.

Significant difference analysis: Now, we need to use the
corresponding 205 featuresto construct acausal graph under
each metric. Dueto the limitations of the equivalent greedy
search agorithm calculation efficiency, hardware device
computing power resources, and the number of subject
samples, thetime cost of constructing acausal 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 thetime cost
and sample size, wewill sort the retained features according
to the degree of significant difference. We ultimately
selected lessthan 50 featuresfor causal graph construction.
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 afeature
node in the final causal graph to represent these feature
variables with the same number, and finally obtain afinal
causal graph containing 10 feature nodes.
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Figure5. Box plot of the various statistical indicators of the feature 52.

Quartile deviation Mean
0.08- 0.10
0.08
0.061
0.06
0 0
2 0.04 1 @ 0.04+
£ £
- = 0.02
0.02
0.00+
0.00+ -0.021
Hypert'ension Normotensive Hypertension Normotensive
Range Standard deviation
0.20+ 0.06
0.05
0.151
0.04
0 O
o 0.10 o 0.031
[0 @
£ £
~ = 0.02
0.05
0.01+
0.00 0.00+
Hypert'ension Normotensive Hypertension Normotensive

demonstrating direct causal associationswith hypertension

Strategy of Causal Inference within each causal subgraph. Subsequently, guided by the

In order to mitigate the potential issues of bidirectiona causality principle of majority rule, we amalgamate the results of
and cyclic graphs, we conducted the analysis of the causal these iterations to derive the ultimate causal subgraph.

relationships between respective feature variables and 2. Strategy for merging causal graph: After obtaining thefinal
hypertension under each indicator, culminating in the derivation causal subgraph with each graph identified with the 6
of corresponding causal subgraphs, so as to obtain the causal categories of features mentioned in feature selection section,
graph. we assume that the weights of the causal relationships

1 Strategy for obtaining causa graph: We randomly between the feature variables and hypertension ae equal
partitioned the dataset to identify the causal graph, with the under each category of feature; based on the principle of
allocation of an additional validation set for subsequent mgjority rule, we integrate multiple causal subgraphs into
hypertension risk prediction. Recognizing that a single the ultimate causdl graph. This method can screen out more
random partitioning could introduce undesired stochasticity reliable direct causal feature variables, further simplify the
(thereby rendering the resulting causal graphs potentially causal graph, and preserve important information.
unrepresentative), we draw inspiration fromthe concept of  Classifier and Performance Evaluation
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

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, F;-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 variablesin 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 variabl es that overlap between the causal

https://cardio.jmir.org/2025/1/e60238
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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 patientsand healthy peopleare shownin 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: photopl ethysmogram.
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Figure 7. Scatter distribution of feature 52 for normotensive subjects (green) and hypertensive subjects (red).
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Causal Graph space constraints, this paper only presentsthe causal subgraphs

In this study, considering the potential disturbanceto 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 | to mitigate such interference. After
applying the af orementioned procedures, we obtained atotal of
6 causal subgraphs under different metrics. In addition, due to
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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 |1 to obtain
the final causal graph, as depicted in Figure 10.

JMIR Cardio 2025 | vol. 9 | 60238 | p.175
(page number not for citation purposes)


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

JMIR CARDIO Gong et d

Figure 8. Causal subgraph of hypertension and the features calculated with their standard deviation. Al: absolute intensity; AR: area under the PPG
curve, dPPG: the first derivative of PPG; P-R: precision-recall; PPG: photoplethysmogram; RI: physiologica meaningful relative index; sdPPG: the
second derivative of PPG; TD: time duration.
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Figure9. Causal subgraph of hypertension and the features calculated with their range. AM: amplitude; AR: areaunder the PPG curve; dPPG: thefirst
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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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 variablesfor 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

Table. Causality-based classification performance.

Gong et a

0.92, recall of 0.82, and F;-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 F;-score further proves the above conclusion. In
addition, a higher recall rate indicates that most patients with
high blood pressure can be correctly predicted.

Algorithm Accuracy Precision Recall Fq-score
Random forest 0.86 0.90 0.77 0.83
Decision tree 0.78 0.76 0.78 0.76
Naive Bayes 0.80 0.95 0.58 0.72
Logistic regression 0.89 0.92 0.82 0.87

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

https://cardio.jmir.org/2025/1/e60238

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.
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Figure11. The ROC curve (top panel) and P-R curve (bottom panel) of hypertension detection based on causal features with different machinelearning
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 representslogistic regression (L). AUC: areaunder the receiver operating characteristic curve; FPR: false positiverate; P-R: precision-recall;
ROC: receiver operating characteristic; TPR: true positive rate.
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Finally, we compared the classification performance based on  causal feature variables. Thisfinding isalso consistent with the
causal feature variables with that based on correlated feature  results presented in Figures 12 and 13. These findings imply
variables, as shown in Table 3. We found that the best that the causal characteristics we screened have certain mining
performance in terms of the 4 evaluation metrics was valueinthefield of hypertension prediction.

consistently achieved by the classification algorithm based on
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Table. Classifier performance comparison.

Algorithm Accuracy Precision Recall F,-score
Causality
Random forest 0.86 0.90 0.77 0.82
Decision tree 0.78 0.76 0.78 0.79
Naive Bayes 0.80 0.95 0.58 0.72
Logistic regression 0.89 0.92 0.82 0.87
Correlation
Random forest 0.79 0.81 0.72 0.75
Decision tree 0.72 0.68 0.72 0.69
Naive Bayes 0.80 0.82 0.74 0.77
Logistic regression 0.85 0.88 0.77 0.82
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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.
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Discussion

Principal Findings and Advantages

This study primarily explored the relationship between feature
variables extracted from ECG and PPG signalsand 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 graphswere 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 variabl es compared to correl ation-based
ones.

Specifically, when sel ecting 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. Thismay provide potential value and insights
for subsequent pathological mechanism analysis.

https://cardio.jmir.org/2025/1/e60238

Recall

Comparison to Prior Work

This study conducted exploratory analysis, initialy 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. Neverthel ess, when clustering analysiswas
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 aself-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
reveal ed significant differencesin the distribution of feature 52
between the hypertensive and healthy subject groups, consistent
with the findings of this paper.

F1-score

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 popul ation 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 wewill vaidate
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. Wethen applied
corresponding causal strategies to obtain the optimal causal
graphsfor each indicator. Finally, we merged the causal graphs
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Abstract

Background: Resistant hypertension (RH) presentssignificant clinical challenges, often precipitating a spectrum of cardiovascular
complications. Particular attention recently hasfocused 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-sectiona 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-femora 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 gjection
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 alele 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:€71016) doi:10.2196/71016

KEYWORDS
resistant hypertension; matrix metall oproteinase-2; gene polymorphism; target organ damage; arterial stiffness

advancementsin antihypertensive therapies, approximately 70%

Introduction

Resistant hypertension (RH) is characterized by theinability 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, asit isinfluenced by amultitude
of genetic, environmental, and pathophysiological factors that
contribute to persistent hypertension. RH is closely associated
with severetarget organ damage (TOD), which includes damage
to the heart, kidneys, and vasculature, significantly increasing
the risk of cardiovascular events and mortality. Despite

https://cardio.jmir.org/2025/1/€71016

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 (MM Ps), 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 severa
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 underpinningsof MMP-2in 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 Vietham
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/l22p(1-p)d2
where n=required sample size; Z=z score corresponding to a
95% Cl (z=1.96); d=desired margin of error (chosen as d=0.1);

and p=proportion of patients carrying the minor alele 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 medica emergencies, active
autoimmune diseases or ongoing immunosuppressive therapies,
cancer or other malignant conditions, secondary hypertension

https://cardio.jmir.org/2025/1/€71016
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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.

M ethodological 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 nonresi stant
hypertension. Patients were recruited from 2 hospitalsfrom July
2023 to February 2024. Patients were classified into resistant
and nonresistant hypertension groups according to the European
Society of Cardiology criteriafor RH.

Sampling Strategy

Nonprobability convenience sampling method was used. Patients
meeting inclusion criteria were recruited consecutively upon
admission to the cardiol ogy and internal medicine departments.
Trained research assi stants approached patients daily, explained
the study objectives, and obtained informed consent prior to

enrollment. Convenience sampling was selected dueto logistical
feasibility and time constraints.

Research Protocol and Variables

Demographic and Risk Factors

Datawere systematically collected regarding the following risk
factors and comorbid conditions, clearly defined based on
standard clinical criteria:

« Diabetes médllitus: defined as having a documented
diagnosis of diabetes, or current use of antidiabetic
medications, or fasting plasma glucose =126 mg/dL, or
HbA ;>6.5%.

« Overweight or obesity: defined according to BMI
classification, with overweight as BMI=25 kg/n? and
obesity asBM1=>30 kg/m?, cal cul ated 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
Ingtitute 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 acohol
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;
pul se pressure was cal cul ated 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 sampleswere collected to determine serum level s 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 massindex (LVMI)
calculated. According to the European Society of Cardiology
guidelines, LVH was defined as LVMI >95 g/m? for women
and LVMI >115 g/m? 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 gjection fraction (EF), akey indicator of cardiac
function, was measured viaechocardiography. EF was classified
as normal (=50%), mildly reduced (41% - 49%), moderately
reduced (30% - 40%), or severely reduced (<30%). All the
echocardiography ismade 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

Rena damage was assessed using the urinary
albumin-to-creatinine ratio. This method evaluates kidney
function by measuring albumin excretion in the urine.

Rena damage was defined as an albumin-to-creatinineratio 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 n?), 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 aong the vessel wall, with a PWV >10 m/s being
indicative of vascular damage viathe BOSO ABI-100 system.
The ankle-brachia 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 asign of vascular
damage.

Carotid artery damage was assessed using ultrasound to measure
carotid intima-media thickness. Carotid stenosis was defined
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as the presence of plagues that caused a=>50% reduction in the
arterial lumen or if the intima-media thickness was >0.9 mm.
Significant stenosiswas confirmed through Doppler ultrasound
via Siemens Acuson X300 ultrasound machine.

MM P-2 Gene Polymor phism 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 amaodified 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 nucleotidesas A, T, C, or G.

Main Stepsin 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 visuadized through agarose gel
electrophoresis, and subsequently purified using the Qiagen
PCR purification kit (Qiagen, Hilden, Germany). Sequencing
of the purified PCR productswas carried out using the modified
Sanger method. Capillary electrophoresis was performed on a
Beckman Coulter CEQ8000 sequencer. The sequence datawere
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 |ocations with the
corresponding reference sequences retrieved from the National
Center for Biotechnology Information database.

Method

Sequencing was performed using the Beckman Coulter
CEQB8000 sequencey.

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
guantitative measures). Comparison for qualitative data was
made by chi-square tests and by 2-tailed Student t tests for
guantitative 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 theinfluence 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 SNPsand TOD, oddsratio and its 95% CI were cal culated
for binary TOD variables including echocardiogram EF and
carotid artery stenosis. Regression coefficients ([3 reg coef.) and
its 95% Cl were calculated for continuous TOD variables
including brachial-ankle PWV (m/s) and carotid-femoral PWV

(cfPWV; m/s). The squared correlation coefficient (R?) was
calculated for the proportion of variance explained by the model.

Ethical Consider ations

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/HDDD
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
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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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(n=120)

\

Target not achieved despite using
at least 3 drugs at optimal doses,
including 1 diuretic.

k

Resistant hypertension (n=78)

./

Perform blood tests to quantify the research variables
Conduct diagnostic tests to assess specific target organ damage

Analyze genetic polymorphisms in patients
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Table. Clinical characteristics of patients with RH?,

Clinical characteristics Value (N=78), n (%)
Sex

Male 29 (37)

Female 49 (63)
Ageb (years)

<60 27 (35)

>60 51 (65)

Duration of hypertension® (years)

<10 53 (68)

>10 25 (32)
Blood pressure level

Grades 1 and 2 53 (68)

Grade 3 25(32)
Diabetes

Yes 22 (28)

No 56 (72)
Overweight or obese

Yes 20 (26)

No 58 (74)

Smoking (current or past history)

Yes 24 (31)

No 54 (69)
History of heavy drinking

Yes 25(32)

No 53 (68)

Triglycerided (mmol/L)

22.26 38 (49)
<2.26 40 (51)
LDL® (mmol/L)f
>3.36 24.(31)
<3.36 54 (69)
Blood lipid disorders
Yes 49 (63)
No 29 (37)

8RH: resistant hypertension.

bAge: mean 66.7 (SD 14.4) years.

“Duration of hypertension: mean 10.3 (SD 5.6).
dTriglyceride: mean 2.85 (SD 2.42)

€L DL: low-density lipoprotein.

fLDL: mean 2.95 (SD 1.28)

Degspite treatment adherence, mean systolic and diastolic BP  underscores the therapeutic challenges posed by RH. Common
levels were persistently elevated, averaging 162.5 (SD 29.6) comorbidities included diabetes (22/78, 28%) and obesity
mm Hg and 92.7 (SD 15.9) mm Hg, respectively. This (20/78, 26%). Additionally, dyslipidemia was prevalent, with
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