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Abstract

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

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

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

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

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

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

KEYWORDS
stroke; wearables; mobility; technology acceptance; physical activity; remote monitoring; rehabilitation

of an individua’s functional status [3-5]; emerging wearable
technol ogies have the potential to addressthisissue by providing
Background minute-by-minute, longitudinal data on physical activity, heart

] ) o rate, and many other biometrics from daily life that extend
Wearable devices have the potential to advance how clinicians  peong dlinical or laboratory settings. The use of wearable
and researchers measure functiondl statusby offeringaccessible,  gevices for remote monitoring could offer additional

scalable, and cost-effective remote monitoring tools [1,2].
Traditional outcome measures provide only adiscrete snapshot
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observational data on functional status measured directly in an
individual’s daily environment.

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

Previous Work

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

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

Objective

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

https://cardio.jmir.org/2025/1/€70007
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generally indicate that these technol ogies are acceptabl e, useful,
and easy to use, and (2) acceptance would be significantly
associated with real-world adherence to wearing the Fitbit
device.

Methods

Recruitment

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

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

Study Instructions

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

After a participant was enrolled for 3 months, the study team
attempted to contact the participant up to 3 times to administer
the TAQ, our metric of acceptance. Each contact attempt was
documented in Research Electronic Data Capture (REDCap;
Vanderhilt University), which included the date and time of the
call, the outcome of the attempt (eg, reached, voicemail, and
no answer), the participant’s response to the assessment, and
any notes or follow-up actions required. If the participant was
reached, the team member administered the questionnaire
verbally. However, if the participant was not reached after 3
attempts, no further attempts were made to administer the TAQ.

JMIR Cardio 2025 | vol. 9 | €70007 | p.8
(page number not for citation purposes)


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

JMIR CARDIO

Technology Acceptance Questionnaire

We used the TAQ—which includes dimensions for perceived
usefulness (PU), perceived ease of use (PEOU), equipment
characteristics, privacy concerns, perceived risks, facilitating
conditions, and subjective norm—as established by Puri et al
[13]. The full questionnaireis described in Puri et a [13]. The
TAQ consisted of 31 statements rated on a 5-point Likert scale
where participants indicated their levels of agreement or
disagreement with each statement. These 31 statements covered
dimensions of PU (n=5 statements), PEOU (n=7 statements),
facilitating conditions (n=2 statements), subjective norm (n=3
statements), equi pment characteristics (n=8 statements), privacy
concerns (n=3 statements), and perceived risks (n=3 statements).
We summed the scores within each dimension (“Strongly
disagree’=1 point, “Disagree”’=2 points, “Neutral”=3 points,
“Agree’=4 points, “Strongly agree’=5 points). We note that,
to ensure the reliability and validity of the measure, certain
statements in the TAQ were negatively framed to mitigate
acquiescence bias [27]. Asis standard, we minimized possible
response biases in which higher numerical values represent
lower agreement by applying a reverse-coding procedure to
these statements. each affected score was standardized by
subtracting it from 6 for statements 2, 10, 17, 25, and 27. This
was done before summing the scores within each dimension.
We then calculated the total TAQ score by summing the scores
from al items across al dimensions. In addition to the 31
statements, there are also 6 multiple-choice questions addressing
various aspects of device use that are not assigned to any
dimension. Finaly, we also provided participants with the
opportunity to share open-ended comments about their
experiences using the devices.

Fitbit Adherence

To assess adherence, we analyzed Fitbit data from the 21 days
immediately preceding completion of the TAQ. Thistimeframe
was sel ected because the TAQ items specifically reference user
perceptions of their Fitbit over the previous 3 weeks. We
identified Fitbit wear minutes using the accel erometry package
[28] in R (R Foundation for Statistical Computing) [29]. We
calculated 2 primary adherence metrics. First, we calculated the
average percentage of time the device was worn each day by
dividing the number of wear minutes by the total minutesin a
day (1440), multiplying by 100, and averaging the daily
percentages across the 21-day period. Second, we calculated
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the percentage of valid wear days as the number of dayswithin
the 3-week window with at least 75% of 24-hour wear time (ie,
1080 or more minutes). The number of valid days was then
divided by 21 (the total days in the assessment window) and
multiplied by 100 to determine the percentage of valid days.

Statistical Analysis

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

Ethical Considerations

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

Results

Participants

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

Nam et al

Characteristic

Included participants (n=65)

Excluded participants (n=35)2

Age (years), mean (SD)
Days poststroke at date of enrollment, mean (SD)

Days between the date of enrollment and the date
of TAQ completion, mean (SD)

Sex, n (%)
Mae
Female
Race, n (%)
American Indian or Alaska Native
Asian
Black or African American
White or Caucasian
Multiple
Ethnicity, n (%)
Hispanic or Latino
Not Hispanic or Latino
Use of an assistive device for walking, n (%)
Yes
No
No response
Able to move the paretic arm, n (%)
Yes
No
No response

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

Yes

No

Unsure

No response

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

Yes
No

No response

Fitbit worn on paretic or nonparetic wrist®, n (%)
Paretic
Nonparetic
Unknown

Fitbit worn on poststroke dominant or nondomi-
nant wrist®, n (%)

Dominant

62.4 (12.4)
1053.9 (1664.1)
127.8 (42.9)

37 (56.9)
28 (43.1)

2(3.1)
3(4.6)
21(32.3)
38 (58.5)
1(15)

4(6.2)
61(93.8)

28 (43.1)
37 (56.9)
0(0.0)

57 (87.7)
8(12.3)
0(0.0)

56 (86.2)
8(12.3)
1(15)
0(0.0)

12 (18.5)
53 (81.5)
0(0.0)

15 (23.1)
49 (75.4)
1(L5)

36 (55.4)

60.5 (12.5)
230.1 (367.0)
_ b

20 (57.1)
15 (42.9)

0(0.0)
1(2.9)
22 (62.9)
10 (28.6)
2(5.7)

1(2.9)
34(97.1)

13(37.1)
21 (60.0)
1(2.9)

30 (85.7)
3(8.6)
2(5.7)

31 (88.6)
2(5.7)
0(0.0)
2(5.7)

3(8.6)
31 (88.6)
1(2.9)
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Characteristic Included participants (n=65) Excluded participants (n=35)2
Nondominant 28 (43.1) —
Unknown 1(1.5) —

#The 35 excluded participants include the 2 individuals that enrolled in the larger study but declined the Fithit portion.

BNot applicable.
“Wrist placement not available for one included participant.

Self-Reported Acceptance of Wearable Devicesin
Participants With Stroke

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

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

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

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

Figure 2. Percentage of responses to each statement on the TAQ grouped by the 7 TAQ dimensions. EC: equipment characteristics; FC: facilitating
conditions; PC: privacy concerns, PEOU: perceived ease of use; PR: perceived risks; PU: perceived usefulness; SN: subjective norm; TAQ: Technology

Acceptance Questionnaire.
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We present group means, standard deviations (SD), medians,
and interquartile ranges (IQR) of scores for each of the 7
dimensions in Table 2 (alongside the minimum and maximum
possible scores for each dimension) and for each individual
TAQ statement in Table 3. Medians of the summed scores for
each dimension ranged from 71% in PEOU (median=25,
maximum possible score=35) to 80% in all other dimensions
(Table 2). Furthermore, all dimensions—with the exception of
PEOU—showed median scores of 4 (“Agre€’) on each

Nam et al

individual statement (Table 3). Modestly lower scores in the
PEOU dimension werelargely driven by generally lessagreeable
responses to statement 15 (“1 found the display of the device
easy to read outdoors”) and statement 26 (“| was ableto shower
or bathe normally while wearing the device”), again noting that
participants wereinstructed to remove the device before bathing
or showering. The median for the total TAQ score was 76% of
the maximum possible score (median=118, maximum possible
score=155).

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

Scores, median (IQR) Scores, possible range (min-max)

Dimension Scores, mean (SD)
Perceived usefulness 19.1(3.3)
Perceived ease of use 25.7 (3.9)
Facilitating conditions 7.7 (1.5)
Subjective norm? 116(19)
Equipment characteristics® 325(35)

Privacy concerns 11.8 (2.0
Perceived risks® 11.9(2.0)
Technology Acceptance Question-  120.4 (11.8)

naire

20 (17-21) 5-25
25 (23-28) 7-35
8(7-8) 2-10
12 (10-13) 315
32 (30-35) 8-40
12 (10-13) 315
12 (10-13) 315
118 (114-128) 31-155

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

Scores, median (IQR)

Statement Scores, mean (SD)
2417 activity monitoring beneficial 4.4(0.6)
Afraid of discovering health issue? 4.0(0.9
Comfortable with data storage 3.8(0.9)
Assistance available if needed 3.8(1.1)
Wore device easily unassisted 39(1.2)
Removed device unassisted 4.0(1.1)
Daily tasks performed normally 4.4 (0.7)
Device easily concealed 4.0(0.9)
Forgot device was worn 4.0(1.0)
Experienced skin irritation® 36(13)
Battery life meets expectations 4.3(0.6)
Smartphone app easy to use 3.8(0.9)
Device easy to use 4.1(0.8)
Display easy to read indoors 3.7(1.0)
Display easy to read outdoors 31(1.2
Pleasant to wear during night 3.9(0.8)
Concerned about secure attachment?® 41(08)
Device donning reasonable 4.0(0.9)
No privacy concerns 39(1.1)
Comfortable with data sharing 4.1(0.7)
Necessary device knowledge 3.9(0.9)
Efficient for monitoring health 35(1.1
Device motivated activity 3.6(1.0)
Device can improve health 3.9(0.9)
Device caused joint pain® 4.2(05
Bathed normally with device 2.8(0.8)
Embarrassed wearing around family?® 4.4(0.7)
Friends would encourage device use 3.4(0.9)
Family would encourage device use 3.8(1.0)
Device extends home living 3.7(0.9)
Usable in various locations 4.1(0.8)

4 (4-5)
4 (4-5)
4 (4-4)
4 (4-4)
4 (4-5)
4 (4-5)
4 (4-5)
4 (4-4)
4 (4-5)
4 (2-5)
4 (4-5)
4 (4-4)
4 (4-5)
4 (3-4)
3(2-4)
4 (4-4)
4 (4-5)
4 (4-4)
4 (4-5)
4 (4-5)
4 (4-4)
4 (3-4)
4 (3-4)
4 (4-4)
4 (4-5)
3(3-3)
4 (4-5)
4 (3-4)
4 (3-4)
4 (3-4)
4 (4-5)

#These statements have been reverse coded to preserve directionality.

Next, we analyzed responses to the 6 multiple-choice questions
from the TAQ that did not have designated dimensions (Table
4). Most participants found the device useful, with 95.4%
(62/65) rating the information provided as either “very useful”
or “somewhat useful.” Nearly al participants (92.3%, 60/65)
expressed willingness to continue using the device to monitor
their health, and 96.9% (63/65) reported wearing the device for
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15 - 21 days out of the 21-day period. In terms of value, most
participants indicated a willingness to pay no more than $100
for the device. Overall, 90.8% (59/65) of participants reported
looking at their health data provided by their device. Finaly,
self-perception of activity levels varied, with 64.6% (42/65) of
participants considering themselves to be active.
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Table. Responses to the Technology Acceptance Questionnaire (TAQ) multiple-choice questions.

Questions and response options

Respondents, n (%)

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

itself or in the smartphone application?

Very useful 36 (55.4)
Somewhat useful 26 (40.0)

Not very useful 3(4.6)

Not at all useful 0(0.0
Would you use the device you used during the last 21 days to continue to monitor or track your physical activity or health?
Yes 60 (92.3)

No 5(7.7)

Over the last 21 days, how often do you think you wore the smart wearable device?
Never 0(0.0)
Between 0 and 7 days 0(0.0
Between 8 and 14 days 2(3.1)
Between 15 and 21 days 63 (96.9)
How much would you be willing to pay for the device you wore during the last 21 days?
$0 15 (23.1)
$1-$50 17(26.2)
$51-$100 24(36.9)
$101-$200 9(13.8)
$201-$300 0(0.0)
$300-$400 0(0.0

Did you find yourself looking at your health datain the smartphone application more or less often after the first few days?
No, | looked at the health data fairly consistently throughout the 21-day 21 (32.3)
period

Yes, | looked at the health data more often after the first few daysof use 28 (43.1)
Yes, | looked at the health data less often after the first few daysof use 10 (15.4)

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

Do you consider yourself to be an active person?

Yes 42 (64.6)

No 23 (35.4)

Relationships Between Self-Reported Acceptanceand
Fitbit Adherence

Overall, participants wore the Fitbit for an average of 80.0%
(SD 24.7%) of the total minutes in a day, with a median wear
time of 91% and an IQR of 22%. Wear time exceeded the
threshold needed to be considered a valid wear day on 78.0%
(SD 25.8%) of days, with amedian of 90% and an QR of 33%.
The scatterplotsin Figures 3 and 4 show relationships between
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the summed scores of the different TAQ dimensions (as well
as TAQ total scores) and the percentages of wear timeand valid
wear days (days with =1080 wear minutes), respectively.
Contrary to our hypothesis, there were no statistically significant
positive relationships between TAQ dimension summed scores
or total score and Fitbit adherence metrics. We did, however,
observe 2 small but statistically significant negative associations:
between PU and percent wear time (p=-.27; P=.03) and between
PU and the percentage of valid wear days (p=-.26; P=.04).
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Figure 3. Scatterplots showing relationships between summed scores for each TAQ dimension (as well as total TAQ scores) and Fitbit wear time.
Asterisks (*) indicate statistically significant relationships (P<.05). EC: equipment characteristics, FC: facilitating conditions; PC: privacy concerns;
PEOU: perceived ease of use; PR: perceived risks; PU: perceived usefulness; SN: subjective norm; TAQ: Technology Acceptance Questionnaire.
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Open-Ended Comments on the Devices Discussion

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

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

Our study examined self-reported perceptions of the Fitbit
Inspire 2 wearable activity monitor among individuals with
stroke, as measured by the TAQ. A majority of the participants
thought the device was beneficia for their health, efficient for
monitoring their health, easy to use and to don and doff, and
unintrusiveto daily life; one notable exception was the response
to the statement “1 find the display of the device easy to read
outdoors.” Generally, participants did not express significant
concerns about privacy or data security, consistent with previous
studies [30,31]. Contrary to our hypothesis, more agreeable
responsesto the TAQ statementswere not associated with higher
average daily wear time and valid wear days at a statistically
significant level.

Comparison With Previous Work

Thefindingsof our study are consistent with previousliterature
demonstrating acceptance of wearable activity monitorsin other
populations [13,32-36]. Given the growing interest in using
wearables for activity monitoring and telerehabilitation after
stroke [26,37-40], it is important to consider not only their
potential benefits but also the potential challenges related to
low levels of physical activity and cognitive and motor
impairments that may affect this population’s acceptance and

JMIR Cardio 2025 | vol. 9 | €70007 | p.16
(page number not for citation purposes)


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

JMIR CARDIO

engagement [10,41,42]. There were no commonly reported
acceptance concerns that we deemed likely to be related to
poststroke motor impairment. For example, participantswidely
agreed with the statements*“ | was able to wear the device easily
without help from another person,” “I find the device easy to
use,” “I was able to put the device on in a reasonable amount
of time,” and “| was able to remove the device easily without
help from another person.” These findings complement recent
studies demonstrating the perceived value and user satisfaction
of wearable technologies in stroke rehabilitation [43-45] and
support a path toward scalable implementation of remote
monitoring with wearable devices. Thisislikely duein part to
the flexibility we allowed in permitting participantsto wear the
deviceontheir paretic sideif needed, accommodating individual
motor abilities.

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

The correlational analyses indicated small but significant
negative associ ations between the PU score and both adherence
metrics. These results are contrary to our hypotheses, which
were grounded in the technology acceptance model and related
literature, where PU is typically positively associated with
adoption behaviors [47,48]. Existing studies have shown that
higher PU is often associated with sustained use of technology
across various domains [49-51], including health care settings
[52-55]. Our findings may be attributed to the specific context
in which the wearable device was used. Unlike most previous
technology adoption studies where participants voluntarily
adopted technology based on its usefulness, our study cohort
used the Fitbit as part of their participation in aresearch study.
This mandated context could have influenced PU differently
from typical motivational factors driving technology adoption,
as individuals may have rationalized their behaviors based on
the rewards of participating or the consequences of
noncompliance. It is possible that participants did not view the
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Fitbit as inherently useful for their health recovery goals but
instead perceived it as atool for fulfilling study requirements.
They may have also overreported PU due to social desirability
(ie, aiming to please the study team). While survey responses
suggest that most participants agreed that the device could
improve health and monitor well-being efficiently, these
endorsements may reflect a general perception of health
technology utility rather than a personalized alignment with
stroke recovery needs. Consequently, their assessment of PU
may reflect thisexternally driven motivation rather than genuine
alignment with personal health management goals.

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

Limitations

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

Conclusion

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

Nam et al

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

hypothesis, more agreeable responses to the TAQ statements  stroke and its association with real-world device wear.
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Abstract

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

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

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

Results. PPG-based BRS features, specifically the rise-decay time ratio (RDRatio) and pulse arrival time (PAT), demonstrate
intraparticipant precision of 44% and 23%, respectively, with interparticipant variation of 91% and 53%. The correlation of
BRSpat ppc @nd BRSzpRraio prc With the gold standard BRSsgpapp (SBP) is 0.66 and 0.56, respectively. During intervention, the
correlations remain high for BRSzpRraiopps (rest: 0.75, paced-breathing: 0.50, and handgrip: 0.46) and BRSpat ppg (rest: 0.69,
paced-breathing: 0.52, and handgrip: 0.62). In the 24-hour data, the BRSpat ppg @nd BRSrpRraio pre €Xhibit changes during the
day corresponding to the activity levels and SBP variations. Notably, during the night, a cyclic rhythm is observed for both
BRSpar prg @d BRSgpRatio pre-

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

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

KEYWORDS

photopl ethysmography; pulse arrival time; pulsetransit time; blood pressure; pulse wave analysis; heart rate; heart rate variability;
baroreflex; arterial line; circadian rhythm; heart; arterial; arteria line; feasibility; systolic blood pressure; cyclic rhythm; feasibility
test; baroreceptor sensitivity
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Introduction

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

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

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

The gold standard for measuring arterial pressure is directly
through an arterial line, that is, a (fluid-filled) catheter inserted
into an artery. However, due to the invasiveness of this
technique, alternative methodol ogies are necessary. A commonly
used alternative isthe continuous finger BP measured using the
volume clamp method. This method uses a 2-sensor system that
combines photopl ethysmography (PPG) and a pressure sensor
[12,13]. Previous investigations have revealed that, depending
on the device, the variability of the systolic pressure has been
overestimated by 78% and 103% in the low-frequency band
[13]. In addition, the same investigation demonstrated an
underestimation of the baroreflex sensitivity by —24% or —31%.
Another, moreindirect method to estimate ABP isthrough PPG,
currently predominantly used in research settings [14]. PPG
measures the blood volume pulse through light transmission
instead of adirect pressure pulse. The PPG signal is composed
of apulsatile (“AC” [alternating current]) and baseline (“DC”
[direct current]) part. The AC part reflectsthe changesin blood
volume and isdivided into asystolic phase (fromfoot to primary
peak) and a diastolic phase (from secondary peak to foot)
[15,16]. The PPG volume pulse contour is related to a pressure
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pulse [17]. Primary peak amplitude, referred to as systolic
amplitude, has been related to stroke volume and changes under
the influence of vasomotor tone and blood volume [15,16].
Different features have been proposed relating PPG with BPR,
including pulse arrival time (PAT), pulse width, reflection index,
and PPG variability [18]. PAT isthetime between the electrical
activation of the left ventricle, obtained with ECG, and the
arrival of thewave in the periphery. PAT isknown to be related
to the BP or SBP [14]. As BP increases, the apparent arterial
stiffness increases and PAT decreases. Besides this inverse
relation, PAT isalso determined by the pre-gjection period, that
is, the time between electrical activation and opening of the
valve of theleft ventricle. PPG has also been related to systemic
vascular resistance and vasomotor tone. The DC component of
the PPG and pul se width are determined by, among other things,
the vasomotor tone [16,19-21]. Pre-gjection period change,
related to change in cardiac contractility, can also be derived
from the PPG signa [22,23]. Hence, PPG contains more
baroreflex-related information than just arterial pressure. It has
been used to determine BRS and is most often compared to
BRS, based on the volume clamp method [10,24-26]. To the
best of our knowledge, BRS obtained from invasive arterial
pressure, volume clamp finger pressure (VCP), and PPG have
not been compared directly.

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

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

Methods

Overview

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

Datasets: Arterial Line Interventional Study

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

Witteveen et al

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

Figure 1. Overview of the steps to compute baroreceptor sensitivity (BRS) indices with example for pulse arrival time (PAT) based on
photoplethysmography (PPG). ECG: electrocardiogram; RR: interbeat time interval based on R-peak of ECG.
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Ambulatory 24-Hour Study

In addition, a single 24-hour recording on a healthy volunteer
was used to demonstrate BRS trends under free living
conditions. In anormotensive male (33 y), awearable prototype
developed by imec was placed that recorded ECG and PPG for
24 hours. The ECG wasplaced inlead |1 configuration, and the
transmissive PPG sensor Nonin 8000J was placed on the left
index finger. In addition, an ambulatory BP measurement device
(Suntech Medical Oscar2) recorded cuff-based oscillometric
BP from the left upper arm in intervals of 15 and 30 minutes
during the day and night, respectively. Thiswasaregular office
day, including 8 hours of sleep, 2 walks, and office work behind
a desk.

Ethical Consider ations

The interventional study dataset was collected at Ziekenhuis
Oost-Limburg in Genk, Belgium, and has been approved by the
institutional review board (ethical committee approval 16/039U).
All enrolled participants were compensated with a US $135
voucher. The ambulatory 24-hour feasibility data have been
approved by the institutional review board of imec The
Netherlands in Eindhoven, the Netherlands.
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Both studies were conducted under the principles of the
Declaration of Helsinki. All eligible participantswere giventhe
right to refuse participation and the right to withdraw from the
study at any time. Written informed consent was collected from
all participants before participation. To protect the participants
privecy, all datacollected from this study were kept confidential
and anonymized and were only accessible to the members of
the research team.

Data Analysisand Statistics

Data Preprocessing

Data was processed and analyzed using Matlab R2022a
(Mathworks). The relevant features in the pulse waveforms
were computed from fiducial points detected in the first
derivative signal, as described in detail by Fegdjajevs et a [32]
(see Figure 2). In brief, all data was band-pass filtered using a
Butterworth low-pass filter with the cutoff at 10 Hz and
high-pass filter acting as a differentiator. The differentiated
signal is used to first find the upstroke, the local maximum of
the differentiated signal. Next, the other fiducial points—pesk,
foot, shoulder, secondary peak, and dicrotic notch—were
extracted using adaptive thresholding. Timestamps of the
fiducial points are used to calculate the rise and decay times,
amplitudes, and their ratios.
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Figure 2. Visua representation of the features as described. Dashed line is the electrocardiogram (ECG) signal, the solid lines the pulse waveform
from either photoplethysmography (PPG), volume clamp or arterial line, and first derivative of the PPG (PPG’).
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Features

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

Volume clamp and arterial linefeatureswerederivedinasimilar
manner as described for PPG and areindicated by the respective
subscripts V (volume clamp) and A (ABP). SBP is the peak
amplitude of either pressure pulse wave.

Transfer Function

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

https://cardio.jmir.org/2025/1/€54771
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function was defined as the ratio of the cross power spectral
density of the input (x, respectively BP) and output (y,
respectively RR interval) and the spectral density of the input
(x):

(DH(F)=PxyPxx=PfeatureCRRPfeature[feature

Coherencelevel swere determined between SBP (or asurrogate
feature) and RR interval for each BRS index. Considering the
number of unique data points per segment (120 datapointswith
50% overlap), the threshold coherence at 95% Cl is set at 0.14
[33,34].

Analysis of Arterial Line Data

A structured analysiswas done based on different BRS indices,
calculated using the RR intervalsfrom the ECG asinput and as
output the SBP from the arterial line (BRSgps as gold
reference) or other features as potential surrogates. Theanalysis
included the following steps: Step 1, the direct comparison of
BRS based on the SBP for the arteria line (BRSggpagp) and
volume clamp (BRSggpy) and the corresponding feature peak
amplitude of the PPG (BRSpeyamp,erc)- Step 2, the comparison
of variousfeatures (upstroke, PAT, and RDRatio) obtained from
the arterial line sensor, asthisisthe signal that isthe most direct
BP recording with the highest signal to noise ratio. Followed
by step 3, the comparison of BRS obtained from the same
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features (SBP or PeakAmp, upstroke, PAT, and RDRatio) from
arterial lineand PPG. Finally, step 4 acomparison of BRS based
on different features (SBP or PeakAmp, pulse upstroke, PAT,
and RDRatio) obtained from volume clamp and PPG with the
gold reference, namely BRS obtained from arterial line SBP.

Statistical Analysis

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

Analysis 24-Hour Data

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

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

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

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

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

Fifth, disgualification of 1-minute epochs of persistent low
quality, wherein the more robust ECG signal defines the
expected number of cardiac cycles, and at |east 50% of the PPG
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beats ought to be present and not undetected or disqualified by
the previous criteria.

From here, BRSparp and BRSgpr4i0p Were calculated over a
4-minute sliding window (75% overlap), whereafter the median
was taken from al BRS values exceeding the coherence
threshold of 0.14 within a 1-hour diding window (75% overlap).
Cuff-based BP was measured every 15 minutes during the day
and every 30 minutes during the night, providing at least two
reference BP measurements included within the 1-hour sliding
window. BP readings were qualified for validity by proprietary
software of the ambulatory BP monitor (Suntech Medical
Oscar2). The participant was al so asked to stand still during the
cuff inflation, which ensures stable ECG and PPG signalsfrom
the wearable system. For al clarity, no BRS was computed
from the ambulatory cuff BP dueto overlong sampling intervals.
The BRS coherence was cal cul ated over 4-minute windows per
feature, and the median coherence for the subsequently
computed 1-hour window held only the samples above the
coherence threshold. Furthermore, given the longitudinal
character of the 24-hour dataset, HRV as an indicator of
autonomous nervous system activity was computed for relevant
frequency bands. high frequency HRV,g, reflecting the
parasympathetic-driven respiratory band around 15 cycles per
minute or 0.25 Hz on average, and the low frequency HRV ¢,
reflecting baroreflex activity (balanced by sympathetic &
parasympathetic activity) around 6 cycles per minute or 0.1 Hz
on average[35]. Consistent with other features, the HRV indices
were also averaged with a 1-hour sliding window. Ultimately,
for visual inspection, al 1-hour averaged features are displayed
on atime grid of 15-minute intervals.

Results

Arterial LineIntervention Study

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

For all participants and interventions, the mean of the
BRSsgpagp @d BRSggpy cpWere 8.1 (SD 3.0) milliseconds/mm

Hg and 6.6 (SD 3.0) milliseconds/mm Hg, respectively, with
intraparticipant precision of 15% for BRSggpagp and 21% for

BRSggpycp: respectively. The PPG-based features show mean
valuesof 3.2 (SD 1.9) au for BRSpegcamp pra: 93 (SD 60) au for
BRSypsiroke,prey 1.8 (SD 1.7) milliseconds for BRSgpraiopre:
and 7.7 (SD 4.1) milliseconds/milliseconds for BRSpat prg-

The intraparticipant precision for the PPG-based featuresis on
average higher:  54% for BRSpeyampprs: 56%  for
BRSypstroke,pra: @d 44% for BRSgpRraio pre- Theintraparticipant
precision of the BRSparppg approaches that of the traditional
BRS index (23% for BRSpat ppg, cOmpared to 20% and 26%
for BRSggpagp @nd BRSggpycp: respectively). Inall cases, the
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interparticipant variation (37% for BRSggpagp 46% for
BRSsgpycpr 59% for BRSpeyamp,pra: 64% for BRSypgrokepra:
91% for BRSrpRaio ppa: aNd 53% for BRSpat ppg) €xceeded the
intraparticipant precision.

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

Step 1

Direct comparison between the peak amplitude feature between

sensor modalities showed that the correlation between
BRSggpapgp ad BRSggpy cp Was 0.78. A lower correlation was

Witteveen et al

found between the BRSggpagp and BRSpeyamp,prc (1=0.59)
and BRSggpy cp ad BRSpegamp prg (r=0.56). These correlations
were all highly significant. Note that the absolute values of the
BRSpeakamp,pre CaNNot be compared to those of the SBP-based
BRS values as the unit is different.

Step 2

In Table 1, the correlation of BRS obtained from different
features from the arterial line sensor showed that BRSggpagp
varied from strong to moderate for the different surrogate
features BRSrpRraio,asp (1=0.66), BRSypsrokeap (1=0.54), and
BRSpat agp (r=0.46), all P<.05

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

Arterial line features Correlation
BRSpat ABP 0.46%
BRSUpﬂroke,ABP 0.542
BRSRrDRatio,ABP 0.66”

9 ndicates significant correlation (P<.05). BRSpat,ABP, BRSUpstroke,ABP: @1d BRSRDRati0,ABP &€ BRS surrogate indices obtained from arterial derived
features pulse arrival time, upstroke gradient, and rise time-decay time ratio, respectively.

Step 3

Comparing the same feature between arteria line and PPG
sensor modalitiesrevealed that for peak-amplitude and upstroke

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

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

The primary peak (PeakAmp) of arterial line datais the systolic blood pressure (SBP).

Arterid line PPG? Correlation (Arterial line vs PPG)
BRSsgpaBP BRSpeckAmp,PPG 0.59°
BRSpat,ABP BRSpat prG 0.75°
BRSypstroke, ABP BRSupstroke,PPG 0.29°
BRSrpRatio ABP BRSRrDRatio,PPG 0.49°

3ppG: photopl ethysmography.
b ndicates s gnificant correlation (P<.05).

Step 4

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

and BRSggpy, cp (r=0.78). The PPG-based BRS surrogates had
a strong to moderate correlation with BRSggpagp, Where
BRSparppc (0.66) had dlightly higher values compared to

BRSpeakamp,pre: BRSrpRatio pre: @0 BRSypsroke e (0-59, 0.56,

https://cardio.jmir.org/2025/1/€54771

and 0.54, respectively). However, when BRSggpycp Was used
as an aternative reference to BRSggpagp in the PPG-based
surrogates that are based on PPG timing, a lower correlation
was found with BRSggpycp With respect to BRSggpapp (0.52
vs 0.66 and 0.46 vs 0.56 for PAT and RDRatio, respectively).
In contrast, the PPG amplitude derived parameters, that is,
PeakAmp and upstroke had similar or even higher correlation
with BRSggpycp cOmpared to BRSgzpagp (0.56 vs 0.59 and
0.64 vs 0.54, respectively; see Figure 3).
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Figure 3. Correlation of baroreflex sensitivity (BRS) indices based on a selection of photoplethysmography (PPG) features with BRS from systolic
blood pressure measured by arterial line (BRSsgpapp, black) and the volume clamp method (BRSggpy cp: gray). The BRS indices from PPG features
BRSpaT,PPG: BRSpeakamp,PPG: BRSypstroke,ppG: @Nd BRSgpRatio,pPG are based on PPG and use pulse arrival time, peak amplitude, upstroke gradient,
and rise time-decay time ratio, respectively. All correlations were significant (P<.05).
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The gold-standard BRS, derived from arteria line SBP
(BRSszpagp), exhibited an 11% increase during paced breathing

and a 22% decrease during handgrip, compared to rest (see
Figure 4). A similar pattern was observed for BRSggpycp and
BRSparpps. However, the increase in BRS during paced
breathing was more pronounced for these indices (58% and
42%, respectively). The BRSgpRraioprs ShOwed a comparable
increase (54%) during paced breathing as BRSggpycp and
BRSparppe, but its reduction during handgrip was more
significant (60%). The changes in BRS calculated from the

https://cardio.jmir.org/2025/1/€54771

considerably larger during paced breathing with increases of
133% and 155% respectively. At rest, the correlation between
BRSggpapp and both BRSggpy cp and BRSpar ppg Was similar.
However, during paced breathing, the correlation with
BRSggpapp decreased for BRSpyrp but increased for
BRSggpycp (see Table 3). The correlation between the other
surrogateindicesand the arterial linewas generally lower across
interventions, with the exception of BRSgpgrgioprs, Which
showed a high correlation with BRSggpagp under rest
conditions.
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Figure4. Baroreflex sensitivity (BRS) indices of different featuresfor each intervention, namely: rest, paced breathing (pacedB), handgrip. BRSsgpagp
BRSsppycp ae BRS indices based on systolic blood pressure measured by arteria line and volume clamp method, respectively. BRSpat ppg,

BRSpeakamp,prG: BRSUpstroke,PPG: BRSRDRatio PP &€ BRS indices measured using photoplethysmography using pulse arrival time, peak amplitude
upstroke, and rise time-decay time ratio, respectively.
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Table. Correlation between baroreflex sensitivity (BRS) extracted from volume clamp (VCP) and PPG and gold reference BRS based on arterial line
derived systolic blood pressure (BRSsppapp). BRS obtained from systolic blood pressure measured by arterial line (BRSsgpapp) iscorrelated to BRS
obtained from SBP measured using volume clamp (BRSggpy cp). In addition, BRS from photoplethysmography (PPG) is obtained with pulse arrival
time (PAT), peak amplitude (PeakAmp), pulse upstroke (Upstroke), and rise time-decay time ratio (RDRatio). Note that the primary peak (PeakAmp)

of arterial line and volume clamp datais the systolic blood pressure. Interventions are rest, paced breathing (pacedB), and handgrip. For further details,
see the Methods section.

Correlation to BRSsppaBp Rest PacedB Handgrip
BRSsspvcP 0.662 0.88% 0.782
BRSpat PrG 0.69° 0522 0.622
BRSpeakamp,prG 0.56% 0518 0.532
BRSypstroke,PPG 0.33 0.65% 0.16
BRSRpRatio,PPG 0.75% 0.50% 0.46%

8 ndicates significant correlation (P<.05).

participant spent most of the day doing sedentary work. The
Ambulatory 24-Hour Study . participant was in bed between 12 and 8 AM. The lowest BRS
Figure 5 shows the exploratory 24-hour BRS recording froma  was observed in the afternoon around 5 PM when the participant

healthy participant in free-living conditions. Except for al-hour  went for a walk, as also indicated by relatively high HR and
walk around 5 PM and a short walk before 12 AM, the |ow HRV. The activities were self-reported.
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Figure 5. Analysis of the 24-hour trends for an individual participant. (A) trends of reference systolic blood pressure (based on upper arm cuff) and
heart rate (HR) over time, (B) trends of low frequency (HRV LF) and high frequency heart rate variability (HRV HF). (C) Trendsin the features pulse
arrival time (PAT, in black) and rise time-decay time ratio (RDRatio, in red). (D) Trends in baroreflex sensitivity calculated from pulse arrival time
(BRSpaT pPG) and risetime-decay timeratio (BRSrpRatio,ppc)- The error barsindicate the standard error of the BRS values within 15-minute segments.

(E) Trends in coherence and qualified percentage of BRSpat ppg @d BRSrpRatio,ppc Values. The horizontal bars on top show the activities (walking
and sleeping) of the individual.
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The BRS indices show a clear pattern over the 24 hours, with
both BRSpatpp @Nd BRSgpraioppe DEING at a lower level
during the day and increasing at night, effectively during sleep.
Given the inverse relation between PAT and SBP, the mirrored
pattern of increasing SBP and decreasing PAT (and vice versa)
is clearly evident, also during walking activities with
contributing HR. The correlation coefficients between PAT and
RDRatio with SBP were high at —0.90 and —0.63 (both P<.05),
respectively throughout the 24-hour trajectory. This confirms
the essential validity of the observed trends based on the
processed and qualified data. Interestingly, the correlation
between SBP with the derived BRS indices (BRSparppg and
BRSrpRaio,prc) Was equally high and significant (r=-0.74 vs
r=-0.75; both P<.05, respectively), while their mutual
correlation was better (r=0.84; P<.05). At a close look, the
rhythmic oscillations during the night cannot only be seen in
BRSparpps @d BRSrpraioprs Ut @S0 in HRV| k. Unlike
HRV |, HRV e does not show any significant oscillations
during the night, but instead displays a clear difference in
absolute BRS level between day and night, which could not be
observed in HRV . Coherence of BRSparppg @S0 shows a
dlight increase during the night. Except for a few datapoints
during the walking activities, where the measurements were
affected by motion artifacts, the percentage of BRSpar ppg above
the coherence quality threshold of 0.14 never dropped below
80%, while the qualified coherence % of BRSrpRraiopps WS
significantly lower, asdirectly reflected in the coherence profile
of BRSgpRaio prc- At al times, even during the walking events
where motion artifacts are to be expected, sufficient data is
above coherence threshold ensuring valid median values
throughout the day.

Discussion

Principal Findings

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

Evaluation of BRS Index Surrogates

Baroreflex sensitivity based on arterial line SBP is best
correlated with BRS determined from pulse arrival time derived
from PPG (PAT,P) signal: 66% of the variation in BRSggpagp
is explained by BRSpar pps. The correlation of other surrogates
to BRSggpagp is dlightly lower. In amost al cases, the
interparticipant variation is higher than the intraparticipant
precision, which suggests that these BRS features can be used
to identify differences between individuals.

The baroreflex plays a crucia role in maintaining BP, acting
through various pathwaysto modulate HR, vascular resistance,
and cardiac contractility. The challengein determining the BRS

https://cardio.jmir.org/2025/1/€54771
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noninvasively is measuring (systolic) arterial pressure as the
gold-standard method, arterial line, is invasive or obtrusive.
The volume clamp method is an often-used noninvasive
substitute to determine arterial pressure. It is known to
overestimate the central ABP [36] and shown to overestimate
BRSinthelow frequencies[37]. Nevertheless, it has been used
asareferenceto validate other BRS methods, likethose derived
from PPG [10,24-26]. Comparing BRS using arterial pressure
derived from the invasive arterial line with volume clamp
method and PPG reveals the disputes and benefits of the
methods. The BRS based on SBP derived from the volume
clamp method shows the best correlation of 0.78 with BRS
based on SBP from the invasive arterial line and a correlation
of 0.59 with the BRS based on the systolic peak in the PPG
signal. The latter is lower compared to results from others,
reporting a correlation of 0.77 [10]. Nevertheless, our study
population is considerably older (compared to 28.5 y) and has
relatively high BP, which would lower the BRS and, in turn,
increase the influence of noise, thereby reducing the correlation.
An underestimation of the BRS based on SBP from the volume
clamp method compared to the arterial line—based SBP of 24%
was reported [13], similar to the 19% reported here.

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

The range of BRS features derived from the PPG used here is
also reported previously, like pulse upstroke, peak amplitude,
pulse arrival time, and rise time [10,24]. In addition, models
estimating SBP using PPG use PAT as the most important
feature [14]. Pulse arrival time and rise-decay ratio from PPG
correlate equally well with BRSggpagp and BRSggpy cp. Primary
peak and pulse upstroke from PPG correlate well with
BRSggpycp: but notably less with BRSggpagp, SUggesting
volume clamp underestimates the performance of BRSpar p and
BRSygratio p @Nd overestimates the performance of others like
BRSypstroke,p- These results suggest that BRSggp,, can be used
as a method to measure BRS in a noninvasive way; however,
care should be taken to check the performance of other
(PPG-derived) BRS indices using this method.

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

BRS changes from rest to controlled activities show how well
afeature tracks the baroreflex effects of the interventions. The
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correlation between SBP and HR increases for paced breathing
intervention; therefore, an increase in BRS during paced
breathing is expected. Especially at 6 breaths per minute, at
which the HR and BP oscillation amplitude are increased [38].
Expectedly, during paced breathing, BRS increases for
BRSggpapp and all BRS surrogates compared to that at rest.
However, the correlation between BRSggpapp and BRSpar prg
decreases with paced breathing. It has been shown that during
dow breathing of around 6 breathgminute the BRS is
overestimated, since, in this case, other mechanisms in which
respiration influences HR also concentrate in the LF frequency
band [39]. During the handgrip intervention, the coherence is
increased, likely because of athoracic pressureincrease damping
the oscillatory pressure effect of respiration (data not shown).
An overestimation of the BRS changes based on volume clamp
and PPG compared to BRSggpagp is found, which is more
prominent during paced breathing compared to handgrip or
handgrip recovery.

Ambulatory 24-Hour Study

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

A wearable prototype for continuous ECG and PPG signal
acquisition allowed for computation of beat-to-beat PAT,
RDRatio, and RR interval s, and thereby enabled the observation
of characteristic patterns in BRSpatpps, BRSgpratiopre: and
HRV.

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

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

https://cardio.jmir.org/2025/1/€54771
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Furthermore, the proposed BRS indices may add value beyond
existing HRV metrics. That is, both BRS indices show the
baseline increase and nocturnal oscillations, whereas HRV | ¢
does not show a clear baseline increase and HRV  does not
show oscillations, and its baseline increase may aso be driven
by different nocturnal respiration levels. Meanwhile, oscillations
of BRSparppg tend to compare higher with HRV p; yet,
BRSrpRaio prc SEEMS to be moreindicative of higher frequency
contributions.

Regarding the reliability of the proposed indices, BRSpar ppg
shows constantly high coherence throughout the 24 hours. Even
during activity, a sufficient percentage of qualified samplesis
present, which may be further enhanced with basic signa and
feature qualification strategies. Although the coherence of
BRSrpRaio prc IS Substantially lower, it also remains above the
threshold constantly with sufficient qualified samples. Interms
of usability and technology integration, this may become a
relevant compromise given that BRSgpraioprs holds the
theoretical advantage to be computed using a (peripheral) PPG,
hence without an ECG.

Clinical Implications

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

Limitations

The study on arterial lines does present certain limitations,
primarily due to the relatively limited sample size and the
inclusion of only male participants. Further researchisrequired
to examinetheimpact of factors such asage and arterial stiffness
onthe BRSindices, aswell asto exploretheir interrel ationships.
Such comprehensive analysis necessitates the involvement of
larger and more diverse cohorts. Overal, these preliminary
patterns of the BRSpar ppg aNd BRSrpRraioprs OVEr a 24-hour
period under free-living conditions support the findings from
the controlled interventional study, demonstrating that it is
possible to use PAT and RDRatio derived from the PPG signal
to estimate the BRS. However, the key limitation of the 24-hour
study isthe confinement to asingle participant, but the findings
give rise to further expand this study to investigate circadian
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and nocturnal BRS patterns in both healthy participants, and  The BRSpar ppg @d BRSrpRaio pr alS0 follow the BRSggpagp

given the clinical relevance, also patient cohorts. during different physical activities. Furthermore, it alows for
Conclusions 24-hour BRS recordings, in which the expected circadian rhythm
patterns are present.

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

Acknowledgments

This research is part of the Individualised Care from Early Risk of Cardiovascular Disease to Established Heart Failure
(iICARE4CVD) project. iCAREACV D has received funding from the Innovative Health I nitiative Joint Undertaking (IHI JU) and
BreakthroughT1D under grant agreement 101112022. The JU received support from the European Union’s Horizon Europe
research and innovation program and COCIR, EFPIA, Vaccines Europe, EuropaBio, and MedTech Europe. No generative Al
was used in this manuscript.

Data Availability

The datais owned by IMEC and the authors do not have permission to share the data publicly as we are bound to the European
General Data Protection Regulation (GDPR) as well as the participants' consent, stating that data may only be used for specific
purposes and not be shared with 3rd parties. Thisis because the dataset comprises personal identifiable data, which not only holds
for demographics but also applies to electrocardiogram or arterial pressure waveforms. That being clarified, there may be ways
to make anonymized or minimized data avail able on requests. However, this must be governed by adata sharing and/or processing
agreement, which limitsthe use of the data (eg only to consented purpose, with no attemptsto re-identify participants, etc.). Please
contact privacy @imec.nl.

Authors' Contributions

EH contributed to conceptualization. W and FB performed formal anaysis. W, FB, and EH contributed to methodology. JW
and FB handled the software. EH performed supervision. JW and FB contributed to writing the original draft. EH contributed to
writing, review, and editing.

Conflicts of Interest

None declared.

References

1. LaRovere MT, PinnaGD, Raczak G. Baroreflex sensitivity: measurement and clinical implications. Ann Noninvasive
Electrocardiol 2008 Apr;13(2):191-207. [doi: 10.1111/].1542-474X.2008.00219.x] [Medline: 18426445]

2. LarsonM, Chantigian DP, Asirvatham-Jeyaraj N, Van deWinckel A, Keller-RossML. Slow-paced breathing and autonomic
function in people post-stroke. Front Physiol 2020;11:573325. [doi: 10.3389/fphys.2020.573325] [Medline: 33192570]

3. LinCH,YenCC,Hsu YT, et al. Baroreceptor sensitivity predictsfunctional outcome and complications after acuteischemic
stroke. J Clin Med 2019 Mar 3;8(3):300. [doi: 10.3390/jcm8030300] [Medline: 30832391]

4.  Robinson TG, Dawson SL, Eames PJ, Panerai RB, Potter JF. Cardiac baroreceptor sensitivity predicts long-term outcome
after acute ischemic stroke. Stroke 2003 Mar;34(3):705-712. [doi: 10.1161/01.STR.0000058493.94875.9F] [Medline:
12624295]

5. Tang S, Xiong L, FanY, Mok VCT, Wong KS, Leung TW. Stroke outcome prediction by blood pressure variahility, heart
rate variability, and baroreflex sensitivity. Stroke 2020 Apr;51(4):1317-1320. [doi: 10.1161/STROKEAHA.119.027981]
[Medline: 31964286]

6.  Ormezzano O, Cracowski JL, Quesada JL, Pierre H, Mallion JM, Baguet JP. EVAluation of the prognostic value of
BARoreflex sensitivity in hypertensive patients: the EVABAR study. J Hypertens (Los Angel) 2008;26(7):1373-1378.
[doi: 10.1097/HJH.0b013e3283015€e5a]

7. PinnaGD, PortaA, Maestri R, DeMariaB, DallaVecchiaLA, LaRovere MT. Different estimation methods of spontaneous
baroreflex sensitivity have different predictive valuein heart failure patients. JHypertens (Los Angel) 2017;35(8):1666-1675.
[doi: 10.1097/HJH.0000000000001377]

8.  BariV, Vaini E, Pistuddi V, et al. Comparison of causal and non-causal strategiesfor the assessment of baroreflex sensitivity
in predicting acute kidney dysfunction after coronary artery bypass grafting. Front Physiol 2019;10(October):1319. [doi:
10.3389/fphys.2019.01319] [Medline: 31681021]

9. SilvaLEV, DiasDPM, da SilvaCAA, Salgado HC, Fazan R Jr. Revisiting the sequence method for baroreflex analysis.
Front Neurosci 2019;13(JAN):17. [doi: 10.3389/fnins.2019.00017] [Medline: 30728765]

https://cardio.jmir.org/2025/1/e54771 JMIR Cardio 2025 | vol. 9 | €54771 | p.35
(page number not for citation purposes)


http://dx.doi.org/10.1111/j.1542-474X.2008.00219.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18426445&dopt=Abstract
http://dx.doi.org/10.3389/fphys.2020.573325
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33192570&dopt=Abstract
http://dx.doi.org/10.3390/jcm8030300
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30832391&dopt=Abstract
http://dx.doi.org/10.1161/01.STR.0000058493.94875.9F
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12624295&dopt=Abstract
http://dx.doi.org/10.1161/STROKEAHA.119.027981
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31964286&dopt=Abstract
http://dx.doi.org/10.1097/HJH.0b013e3283015e5a
http://dx.doi.org/10.1097/HJH.0000000000001377
http://dx.doi.org/10.3389/fphys.2019.01319
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31681021&dopt=Abstract
http://dx.doi.org/10.3389/fnins.2019.00017
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30728765&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR CARDIO Witteveen et d

10. LéazaroJ, Gil E, Orini M, Laguna P, Bailon R. Baroreflex sensitivity measured by pulse photoplethysmography. Front
Neurosci 2019;13(April):339. [doi: 10.3389/fnins.2019.00339] [Medline: 31057351]

11. Swenne CA. Baroreflex sensitivity: mechanisms and measurement. Neth Heart J 2013 Feb;21(2):58-60. [doi:
10.1007/s12471-012-0346-y] [Medline: 23179611]

12. Langewouters GJ, Settels JJ, Roelandt R, Wesseling KH. Why use Finapres or Portapres rather than intra-arterial or
intermittent non-invasive techniques of blood pressure measurement? J Med Eng Technol 1998;22(1):37-43. [doi:
10.3109/03091909809009997] [Medline: 9491357]

13. Maestri R, Pinna GD, Robbi E, Capomolla S, La Rovere MT. Noninvasive measurement of blood pressure variability:
accuracy of the Finometer monitor and comparison with the Finapres device. Physiol Meas 2005 Dec;26(6):1125-1136.
[doi: 10.1088/0967-3334/26/6/021] [Medline: 16311459]

14. Elgendi M, Hetcher R, Liang Y, et a. The use of photoplethysmography for assessing hypertension. npj Digit Med 2019
Dec 1;2(1). [doi: 10.1038/s41746-019-0136-7]

15. Elgendi M. On the analysis of fingertip photoplethysmogram signals. Curr Cardiol Rev 2012 Feb;8(1):14-25. [doi:
10.2174/157340312801215782] [Medline: 22845812]

16. Castaneda D, Esparza A, Ghamari M, Soltanpur C, Nazeran H. A review on wearable photoplethysmography sensors and
their potential future applicationsin health care. Int J Biosens Bioelectron 2018;4(4):195-202. [doi:
10.15406/ijbsbe.2018.04.00125] [Medline: 30906922]

17. Millasseau SC, Guigui FG, Kelly RP, et al. Noninvasive assessment of the digital volume pulse. Hypertension 2000
Dec;36(6):952-956. [doi: 10.1161/01.HY P.36.6.952]

18. SunS, Bezemer R, Long X, Muehlsteff J, AartsRM. Systolic blood pressure estimation using PPG and ECG during physical
exercise. Physiol Meas 2016 Dec 1;37(12):2154-2169. [doi: 10.1088/0967-3334/37/12/2154]

19. Awad AA, Haddadin AS, Tantawy H, et a. The relationship between the photoplethysmographic waveform and systemic
vascular resistance. JClin Monit Comput 2007 Dec;21(6):365-372. [doi: 10.1007/s10877-007-9097-5] [Medline: 17940842]

20. Gurel NZ, Huang M, Wittbrodt MT, et a. Quantifying acute physiological biomarkers of transcutaneous cervical vagal
nerve stimulation in the context of psychological stress. Brain Stimul 2020;13(1):47-59. [doi: 10.1016/j.brs.2019.08.002]
[Medline: 31439323]

21.  Allen J. Photoplethysmography and its application in clinical physiological measurement. Physiol Meas 2007
Mar;28(3):R1-39. [doi: 10.1088/0967-3334/28/3/R01] [Medline: 17322588]

22. Beutel F, Van Hoof C, Rottenberg X, Reesink K, Hermeling E. Pulse arrival time segmentation into cardiac and vascular
intervals - implications for pulse wave velocity and blood pressure estimation. | EEE Trans Biomed Eng 2021
Sep;68(9):2810-2820. [doi: 10.1109/TBM E.2021.3055154] [Medline: 33513094]

23. Reesink KD, Hermeling E, Hoeberigs MC, Reneman RS, Hoeks APG. Carotid artery pulse wave time characteristics to
quantify ventricul oarterial responses to orthostatic challenge. J Appl Physiol (1985) 2007 Jun;102(6):2128-2134. [doi:
10.1152/jappl physiol.01206.2006] [Medline: 17317873]

24. AbeM, YoshizavaM, ObaraK, Sugita N, Homma N, Yambe T. Evaluation of baroreflex function using green light
photopl ethysmogram in consideration of resistance to artifacts. ABE 2015;4:1-6. [doi: 10.14326/abe.4.1]

25. Martinez-Garcia P, Lerma C, Infante O. Relation of the baroreflex mechanism with the photopl ethysmographic volume in
healthy humans during orthostatism. Arch Cardiol Mex 2012;82(2):82-90. [Medline: 22735647]

26. Mol A, Meskers CGM, Niehof SP, Maier AB, van Wezel RJA. Pulsetransit time as aproxy for vasoconstriction in younger
and older adults. Exp Gerontol 2020 Jul 1;135(April):110938. [doi: 10.1016/j.exger.2020.110938] [Medline: 32247853]

27. WangW, Redline S, Khoo MCK. Autonomic markers of impaired glucose metabolism: effects of dleep-disordered breathing.
J Diabetes Sci Technol 2012 Sep 1;6(5):1159-1171. [doi: 10.1177/193229681200600521] [Medline: 23063043]

28. Parati G, Frattola A, Di Rienzo M, Castiglioni P, Pedotti A, Mancia G. Effects of aging on 24-h dynamic baroreceptor
control of heart rate in ambulant subjects. Am J Physiol 1995 Apr;268(4 Pt 2):H1606-H1612. [doi:
10.1152/gjpheart.1995.268.4.H1606] [Medline: 7733361]

29. Khoo MCK, Wang W, Chalacheva P. Monitoring ultradian changesin cardiorespiratory control in obstructive sleep apnea
syndrome. Annu Int Conf IEEE Eng Med Biol Soc 2011;2011:1487-1490. [doi: 10.1109/I[EMBS.2011.6090363] [Medline:
22254601]

30. VaileJC, Stallard TJ, Al-Ani M, Jordan PJ, Townend JN, Littler WA. Sleep and blood pressure: spontaneous baroreflex
sensitivity in dippers and non-dippers. J Hypertens (Los Angel) 1996 Dec;14(12):1427-1432. [doi:
10.1097/00004872-199612000-00007]

31. FedjgjevsA, Groenendaal W, Grieten L, Agell C, Vandervoort PM, Hermeling E. Evaluation of HRV from repeated
measurements of PPG and arterial blood pressure signals. Presented at: 2021 Computing in Cardiology (CinC); Sep 13-15,
2021; Brno, Czech Republic p. 48-51. [doi: 10.23919/CinC53138.2021.9662673]

32. Fedjgjevs A, Groenendaal W, Agell C, Hermeling E. Platform for analysis and labeling of medical time series. Sensors
(Basel) 2020 Dec 19;20(24):7302. [doi: 10.3390/s20247302] [Medline: 33352643]

33. Saeed NP, Reneman RS, Hoeks APG. Contribution of vascular and neural segments to baroreflex sensitivity in response
to postural stress. JVasc Res 2009;46(5):469-477. [doi: 10.1159/000200962] [Medline: 19204404]

https://cardio.jmir.org/2025/1/e54771 JMIR Cardio 2025 | vol. 9 | €54771 | p.36

(page number not for citation purposes)


http://dx.doi.org/10.3389/fnins.2019.00339
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31057351&dopt=Abstract
http://dx.doi.org/10.1007/s12471-012-0346-y
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23179611&dopt=Abstract
http://dx.doi.org/10.3109/03091909809009997
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9491357&dopt=Abstract
http://dx.doi.org/10.1088/0967-3334/26/6/021
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16311459&dopt=Abstract
http://dx.doi.org/10.1038/s41746-019-0136-7
http://dx.doi.org/10.2174/157340312801215782
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22845812&dopt=Abstract
http://dx.doi.org/10.15406/ijbsbe.2018.04.00125
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30906922&dopt=Abstract
http://dx.doi.org/10.1161/01.HYP.36.6.952
http://dx.doi.org/10.1088/0967-3334/37/12/2154
http://dx.doi.org/10.1007/s10877-007-9097-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17940842&dopt=Abstract
http://dx.doi.org/10.1016/j.brs.2019.08.002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31439323&dopt=Abstract
http://dx.doi.org/10.1088/0967-3334/28/3/R01
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17322588&dopt=Abstract
http://dx.doi.org/10.1109/TBME.2021.3055154
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33513094&dopt=Abstract
http://dx.doi.org/10.1152/japplphysiol.01206.2006
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17317873&dopt=Abstract
http://dx.doi.org/10.14326/abe.4.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22735647&dopt=Abstract
http://dx.doi.org/10.1016/j.exger.2020.110938
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32247853&dopt=Abstract
http://dx.doi.org/10.1177/193229681200600521
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23063043&dopt=Abstract
http://dx.doi.org/10.1152/ajpheart.1995.268.4.H1606
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=7733361&dopt=Abstract
http://dx.doi.org/10.1109/IEMBS.2011.6090363
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22254601&dopt=Abstract
http://dx.doi.org/10.1097/00004872-199612000-00007
http://dx.doi.org/10.23919/CinC53138.2021.9662673
http://dx.doi.org/10.3390/s20247302
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33352643&dopt=Abstract
http://dx.doi.org/10.1159/000200962
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19204404&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR CARDIO Witteveen et d

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45,

46.

Wang SY, Liu X, Yianni J, Christopher Miall R, Aziz TZ, Stein JF. Optimising coherence estimation to assessthe functional
correlation of tremor-related activity between the subthalamic nucleus and the forearm muscles. J Neurosci Methods 2004
Jul 30;136(2):197-205. [doi: 10.1016/j.jneumeth.2004.01.008] [Medline: 15183272]

Shaffer F, Ginsberg JP. An overview of heart rate variability metrics and norms. Front Public Health 2017;5:258. [doi:
10.3389/fpubh.2017.00258] [Medline: 29034226]

Waddell TK, Dart AM, Medley TL, Cameron JD, Kingwell BA. Carotid pressure is a better predictor of coronary artery
disease severity than brachial pressure. Hypertension 2001 Oct;38(4):927-931. [doi: 10.1161/hy1001.096107] [Medline:
11641311]

Lombardi F, Parati G. An update on: cardiovascular and respiratory changes during sleep in normal and hypertensive
subjects. Cardiovasc Res 2000 Jan 1;45(1):200-211. [doi: 10.1016/s0008-6363(99)00329-6] [Medline: 10728336]

Russo MA, Santarelli DM, O’ Rourke D. The physiological effects of slow breathing in the healthy human. Breathe (Sheff)
2017 Dec;13(4):298-309. [doi: 10.1183/20734735.009817] [Medline: 29209423]

Frederiks J, Swenne CA, TenVoorde BJ, et al. The importance of high-frequency paced breathing in spectral baroreflex
sensitivity assessment. J Hypertens (Los Angel) 2000 Nov;18(11):1635-1644 [FREE Full text] [doi:
10.1097/00004872-200018110-00015]

Di Rienzo M, Parati G, Castiglioni P, Tordi R, Mancia G, Pedotti A. Baroreflex effectiveness index: an additional measure
of baroreflex control of heart ratein daily life. Am J Physiol Regul Integr Comp Physiol 2001 Mar;280(3):R744-R751.
[doi: 10.1152/ajpregu.2001.280.3.R744] [Medline: 11171653]

Persson PB, DiRienzo M, Castiglioni P, et a. Time versusfrequency domain techniquesfor assessing baroreflex sensitivity.
JHypertens (Los Angel) 2001 Oct;19(10):1699-1705. [doi: 10.1097/00004872-200110000-00001]

Legramante JM, Marciani MG, Placidi F, et al. Sleep-related changesin baroreflex sensitivity and cardiovascular autonomic
modulation. J Hypertens (Los Angel) 2003 Aug;21(8):1555-1561. [doi: 10.1097/00004872-200308000-00021]

Patel A, Reddy V, Shumway K. Physiology, sleep stages. In: StatPearls 2022.

Johansson M, Gao SA, Friberg P, et al. Baroreflex effectiveness index and baroreflex sensitivity predict all-cause mortality
and sudden death in hypertensive patients with chronic renal failure. J Hypertens (Los Angel) 2007;25(1):163-168 [FREE
Full text] [doi: 10.1097/01.hjh.0000254377.18983.€b]

Ranucci M, Porta A, Bari V, Pistuddi V, La Rovere MT. Baroreflex sensitivity and outcomes following coronary surgery.
In: Bianchi C, editor. PLoS ONE 2017;12(4):€0175008. [doi: 10.1371/journal.pone.0175008] [Medline: 28384188]
Maestri R, Raczak G, Torunski A, et a. Day-by-day variability of spontaneous baroreflex sensitivity measurements:
implications for their reliability in clinical and research applications. J Hypertens (Los Angel) 2009;27(4):806-812. [doi:
10.1097/HJH.0b013e328322f e4b]

Abbreviations

ABP: arterial line blood pressure
AC: aternating current

BP: blood pressure

BRS: baroreceptor sensitivity

DC: direct current

ECG: eectrocardiogram

HF: high frequency

HR: heart rate

HRV: heart rate variability

LF: low frequency

PA: peak amplitude

PAT: pulse arrival time

PPG: photoplethysmography
RDRatio: rise-time decay-timeratio
REM: rapid eye movement

RR interval: interbeat time interval based on R-peak of ECG
SBP: systolic blood pressure

SNR: signal to noise ratio

VCP: volume clamp finger pressure

https://cardio.jmir.org/2025/1/e54771 JMIR Cardio 2025 | vol. 9 | €54771 | p.37

(page number not for citation purposes)


http://dx.doi.org/10.1016/j.jneumeth.2004.01.008
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15183272&dopt=Abstract
http://dx.doi.org/10.3389/fpubh.2017.00258
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29034226&dopt=Abstract
http://dx.doi.org/10.1161/hy1001.096107
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11641311&dopt=Abstract
http://dx.doi.org/10.1016/s0008-6363(99)00329-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10728336&dopt=Abstract
http://dx.doi.org/10.1183/20734735.009817
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29209423&dopt=Abstract
https://journals.lww.com/jhypertension/Fulltext/2000/18110/The_importance_of_high_frequency_paced_breathing.15.aspx
http://dx.doi.org/10.1097/00004872-200018110-00015
http://dx.doi.org/10.1152/ajpregu.2001.280.3.R744
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11171653&dopt=Abstract
http://dx.doi.org/10.1097/00004872-200110000-00001
http://dx.doi.org/10.1097/00004872-200308000-00021
https://journals.lww.com/jhypertension/Fulltext/2007/01000/Baroreflex_effectiveness_index_and_baroreflex.24.aspx
https://journals.lww.com/jhypertension/Fulltext/2007/01000/Baroreflex_effectiveness_index_and_baroreflex.24.aspx
http://dx.doi.org/10.1097/01.hjh.0000254377.18983.eb
http://dx.doi.org/10.1371/journal.pone.0175008
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28384188&dopt=Abstract
http://dx.doi.org/10.1097/HJH.0b013e328322fe4b
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR CARDIO Witteveen et d

Edited by A Coristine; submitted 21.11.23; peer-reviewed by H Liu, MK Skoric, SThirunavukkarasu, X Xing; revised version received
18.04.25; accepted 18.04.25; published 17.07.25.

Please cite as.

Witteveen J, Beutel F, Hermeling E

Toward Ambulatory Baroreflex Sensitivity: Comparison Between Indices of Arterial Lineand Photoplethysmography in Male Volunteers
JMIR Cardio 2025;9:e54771

URL.: https://cardio.jmir.org/2025/1/€54771

doi:10.2196/54771

© Jolanda Witteveen, Fabian Beutel, Evelien Hermeling. Originally published in IMIR Cardio (https://cardio.jmir.org), 17.7.2025.
This is an open-access article distributed under the terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work, first published in IMIR Cardio, is properly cited. The complete bibliographic information, alink to
the original publication on https://cardio.jmir.org, as well as this copyright and license information must be included.

https://cardio.jmir.org/2025/1/e54771 JMIR Cardio 2025 | vol. 9 | €54771 | p.38
(page number not for citation purposes)

RenderX


https://cardio.jmir.org/2025/1/e54771
http://dx.doi.org/10.2196/54771
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR CARDIO Ehrler et al

A Medication Management App (Smart-Meds) for Patients After
an Acute Coronary Syndrome: Pilot Pre-Post Mixed Methods
Study

Frederic Ehrler’, PhD; Liliane Gschwind?, PhD; Hamdi Hagberg', MS; Philippe Meyer®4, MD, PhD; Katherine
Blondon*®, MD, PhD

Lnformation Systems Directorate, University Hospital of Geneva, Geneva, Switzerland
2Department of Pharmacy, University Hospital of Geneva, Geneva, Switzerland
3service of Cardiol ogy, University Hospital of Geneva, Geneva, Switzerland
“Medicine Faculty, University of Geneva, Geneva, Switzerland

SMedical Directorate, University Hospital of Geneva, Geneva, Switzerland

Corresponding Author:
Frederic Ehrler, PhD
Information Systems Directorate, University Hospital of Geneva, Geneva, Switzerland

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
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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).
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Figure 1. Screenshot of the app: the first screen displays the story stages unlocked by reporting medication, the second screen displays a part of the
story, and the third screen displays an example of the quiz (translated into English from the original French version).
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|

The night before his departure, Alex could
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him being alone, but he reassured her,
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encouragement. In that moment, Alex
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.
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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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Discussion The narrative approach has been used in other research. An

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].

https://cardio.jmir.org/2025/1/e50693
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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: Wearable devices offer a promising solution for remotely monitoring heart rate (HR) during home-based cardiac
rehabilitation. However, evidence regarding their accuracy acrossvarying exerciseintensitiesand patient profilesremainslimited,
particularly in populations with cardiovascular disease (CV D) such as those with heart failure (HF).

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

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

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

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

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

KEYWORDS
validation; heart rate measurement; wearable device; Fitbit Inspire 3; heart failure

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

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

https://cardio.jmir.org/2025/1/e77911

Maintaining appropriate exercise intensity is crucial to prevent
symptom exacerbation when prescribing exercise therapy [1].
Heart rate (HR), closely linked to oxygen consumption [6], is
a key indicator for setting exercise intensity and is commonly
used in outpatient CR [7]. HR monitoring during outpatient CR
is typicaly performed using electrocardiography (ECG).
However, in home-based settings, continuous ECG monitoring
isimpractical, leading to reliance on manual pulse checks, whose
accuracy remains insufficiently validated.

JMIR Cardio 2025 | vol. 9 | €77911 | p.51
(page number not for citation purposes)


http://dx.doi.org/10.2196/77911
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR CARDIO

Advances in wearable digital technology have led to the
widespread use of devices using photoplethysmography (PPG),
such as smartwatches, which are being investigated as potential
alternativesto ECG [8]. A recent scoping review suggested that
smartwatches may be useful tools to support and enhance
outpatient disease management [9]. However, measurement
accuracy can vary widely between devices [10], and HR
obtained via wearable devices tends to be underestimated at
higher exercise intensities [11]. Consequently, whether such
technology can be reliably applied to patients with CVD,
particularly those with HF who may experience reduced
peripheral perfusion, warrants careful evaluation.

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

Objective

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

Methods

Study Design and Setting

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

Participants

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

Sample Size Calculation

As a pilot study, a target sample size of 30 participants was
established based on previous studieswith sample sizesranging
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from 10 to 60 [10], as well as the estimated number of CPX
procedures expected during the study period.

Data Collection and Procedures

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

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

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

Demographic and Clinical Characteristics

All variables were obtained from patients medical records.
Baseline demographics data included age, sex, diagnosis,
American College of Cardiology (ACC) or American Heart
Association (AHA) HF stages [16], relevant medical history,
current medications, and smoking status. Physical examination
findingsincluded height, weight, BMI, and the New York Heart
Association functional classification. Laboratory parameters
included hemoglobin, creatinine, estimated glomerular filtration
rate, and B-type natriuretic peptide. Echocardiographic data
included left ventricular gjection fraction (LVEF), measured
using the modified Simpson method. HF phenotypes were
categorized as HF with reduced g ection fraction (LV EF<40%),
HF with mildly reduced gection fraction (LVEF 41% - 49%),
and HF with preserved g ection fraction (LVEF=50%) [17].
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Statistical Analysis

Continuous variables are presented as mean (SD) or median
(IQR), as appropriate. Categorical variables are expressed as
counts and percentages.

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

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

Ethical Considerations

The study protocol complied with the principles of the
Declaration of Helsinki (1975), as revised in 2000, and was
approved by the institutional review boards of the Itami City
Hospital (2537) and the Shijonawate Gakuen University
(24 - 4). Written informed consent was obtained from all
participants after detailed explanations of the study’s objectives,
procedures, potential benefits, and risks were provided by the
researchers. To protect participant privacy, study records were
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de-identified. Each participant was assigned aunique study 1D,
and the linkage file connecting IDs to personal identifiers was
stored exclusively on the hospital’s electronic medical record
network; no identifiable information was transferred outside
this network. Only variables necessary for the study were
collected, and the datasets were processed and managed to
prevent the immediate identification of any individual. All
analyses were conducted using de-identified datasets on the
local computers. Participants did not receive any financia or
material compensation for participating in the study.

Results

Demographic and Clinical Characteristics

The demographic and clinical characteristics are summarized
in Tables 1 and 2. Of the 30 patients with CVD included in the
study, 13 (43%) were classified as having stage B HF and 17
(57%) as having stage C HF. The median (IQR) age was 65
(54-73) years, and 17 patients (57%) were male. CAD wasthe
most common underlying condition, observed in 16 patients
(53%), followed by dilated cardiomyopathy in 6 (20%) patients.
Regarding pharmacotherapy, 3 blockers were prescribed to 23
(77%) patients. According to the New York Heart Association
classification, 8 (27%) patients were in class |; 20 (67%) in
classll; and 2 (7%) in class I11. The median (IQR) LVEF was
52% (45% - 61%), and 20% (6/30) of the patients were
categorized as having HF with reduced gection fraction. The
median (IQR) B-type natriuretic peptide concentration was 56
(13 - 93) pg/mL. During CPX, the total median exercise time
was 8.33 (IQR 7.00 - 10.45) minutes, the median peak
respiratory exchange ratiowas 1.16 (IQR 1.10 - 1.23), and the
median peak VO, /BW was17.2 (IQR 14.5 - 21.2) mL/kg/min.
When comparing the stage B (n=13, 43%) and stage C (n=17,
57%) groups, patientsin the stage B group were older (median
age 73 vs 55 y) and had a higher prevalence of CAD (11/13,
85% vs 5/17, 29%). In contrast, nonischemic etiologies,
including dilated cardiomyopathy, were more common in the
stage C group (6/17, 35% vs0/13, 0%). 3-blocker use was more
frequent in the stage C group (17/17, 100% vs 6/13, 46%).
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Table. Participant demographics and clinical profile.

Kitagaki et a

Characteristics Overall (n=30) Stage B (n=13) Stage C (n=17)
Age (y), median (IQR) 65 (54-73) 73 (64-78) 55 (48-65)
Male, n (%) 17 (57) 8(62) 9(53)

BMI (kg/m?), median (IQR)
Etiology, n (%)

23.2(21.6-26.2)

22.0(20.8-24.8)

23.7 (22.0-27.9)

CAD? 16 (53) 11 (85) 5(29)
pcmP 6(20) 000 6(35)
HHDS 2(7) 0(0) 2(12)
Cardiac sarcoidosis 2(7) 0(0) 2(12)
Others 4(13) 2(15) 2 (12%)

Comorbidities, n (%)

Hypertension 19 (63) 10 (77) 9 (53
Dyslipidemia 12 (40) 6 (46) 6 (35)

Smoking, n (%)

Never 18 (60) 8(62) 10 (59)
Past 8(27) 4(31) 4(24)
Current 4(13) 1(8) 3(18)

FHY. 1 (%) 1(3) 1(8) 0(0)

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

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

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

LVEF classification, n (%)

HFpEF 16 (53) 10 (77) 6(35)
HEmiEE 8(27) 3(23 5(29)
HFEF 6 (20) 0(0) 6 (35)

NYHA! classification, n (%)

1 8(27) 4(31) 4.(24)
2 20 (67) 9(69) 11 (65)
3 2(7) 0(0) 2(12)

8CAD: coronary artery disease.

bDCM: dilated cardiomyopathy.

°HHD: hypertensive heart disease.

dFH: family history.

€DM: diabetes mellitus.

fLVEF: left ventricular gjection fraction.

9HFpEF: heart failure with preserved ejection fraction.

PHFMIEF: heart failure with mildly reduced ejection fraction.

'HFrEF: heart failure with reduced gjection fraction.
INYHA: New York Heart Association.
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Table. Pharmacotherapy, laboratory biomarkers, and CPX 2 parameters.
Characteristics Overall (n=30) Stage B (n=13) Stage C (n=17)
ACE-i®, ARBS, or ARNIY n (%) 28(93) 13 (100) 15(88)
B3 blocker, n (%) 23(77) 6 (46) 17 (100)
SGLT2i€ n (%) 13 (43) 2(15) 11 (65)
MRA', n (%) 14 (47) 1(8) 13 (76)
Diuretics, n (%) 7(23) 0(0) 7(42)
Nitrates, n (%) 11 (37) 8(62) 3(18)
Calcium antagonists, n (%) 3(10) 1(8) 2(12)
Antiplatelet agents, n (%) 16 (53) 12 (92) 4 (24)
Anticoagulants, n (%) 8(27) 3(23) 5(29)
Statins, n (%) 16 (53) 11 (85) 5(29)
Ezetimibe, n (%) 1(3) 1(8) 0(0)
Amiodarone, n (%) 1(3) 0(0) 1(6)

Hemoglobin (g/dL), median (IQR)
Creatinine (mg/dL), median (IQR)
eGFRY (mL/min/1.73 m?), median (IQR)
BNP" (pg/mL), median (IQR)
Missing BNP values, n (%)
Ramp protocol

10 W, n (%)

20 W, n (%)
Total exercisetime (min), median (IQR)
Peak RER', median (IQR)
Peak WR! (W), median (IQR)

Pesk VO,X (mL/min), median (IQR)

Peak VO,/BW!' (mL/kg/min), median (IQR)

ATVO,™ (ml/min), median (IQR)
ATVO,/BW (mL/kg/min), median (IQR)

13.75 (11.83-14.98)
0.92 (0.80-1.04)
62 (50-70)

56 (13-93)

1(3)

26 (87)

4(13)

8.33 (7.00-10.45)
1.16 (1.10-1.23)

93 (75-112)
1158 (883-1324)
17.2 (14.5-21.2)
724 (610-823)

11.80 (9.86-12.82)

12.90 (11.80-14.80)
0.88 (0.80-1.11)
61 (50-69)

61 (25-114)

1(8)

12 (92)

1(8)

8.90 (7.00-10.60)
1.16 (1.11-1.23)

93 (81-110)
1097 (984-1,277)
17.1(15.6-22.1)
682 (624-772)

11.69 (10.64-12.54)

13.80 (12.30-15.00)
0.92 (0.84-1.01)
64 (51-70)

27 (12-83)

0(0)

14(82)

3(18)

8.20 (7.15-9.65)
1.15 (1.04-1.22)

98 (74-112)
1194 (820-1348)
17.3 (14.4-20.2)
745 (584-840)

11.99 (9.52-12.83)

8CPX: cardiopulmonary exercise testing.

bACE-i: angiotensin-converting enzyme inhibitor.
CARB: angiotensin |1 receptor blocker.

9ARNI: angiotensin receptor—neprilysin inhibitor.
€SGLT2i: sodium-glucose cotransporter 2 inhibitor.
'MRA: mineralocorticoid receptor antagonist.
9%GFR: estimated glomerular filtration rate.

BNP: B-type natriuretic peptide.

IRER: respiratory exchange ratio.

IWR: work rate.

kvo, : oxygen uptake.

Vo, /BW: oxygen uptake per body weight.
MATVO. : oxygen consumption at anaerobic threshold.
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630 data points were analyzed and categorized into 4 exercise
phases: rest, below and above the AT, and recovery (Table 3).
These data were further stratified by HF stage (stages B and C;
Table 4).

Validity of HR M easurement UsingtheFithit Inspire 3

A comparison between HR measurements obtained via CPX
and those estimated by the Fitbit Inspire 3ispresented. Intotal,

Table. Accuracy of Fitbit HR? compared to CPX b_measured HR. A cutoff value of 10% for MAPES was adopted from previous studies to evaluate
the error rate.

Condition Correlation coeffi- - pmAEY (bpm®), MAPE (%), mean  Error rate, n (%)  Overestimation,n  Underestimation, n
cient, r (95%Cl)  mean (SD) (SD) (%) (%)

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

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

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

(n=270)"

AboveAT (n=119) 0.76 (0.67 - 0.82) ~ 8.03 (14.08) 6.14 (9.62) 20(17) 1(1) 19 (16)

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

3HR: heart rate.

bepx: cardiopulmonary exercise testing.
°MAPE: mean absolute percentage error.
9MAE: mean absolute error.

bpm: beats per minute.

Number of data points.

9AT: anaerobic threshold.

Table. Accuracy of Fithit HR® compared to CPX ®_measured HR stratified by heart failure stage. A cutoff value of 10% for MAPE® was adopted from
previous studies to evaluate the error rate.

Condition Correlation coeffi- - pAEY (bpm®), MAPE (%), mean  Error rate, n (%)  Overestimation,n  Underestimation, n
cient, r (95%Cl)  mean (SD) (SD) (%) (%)

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

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

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

8HR: heart rate.

bCpx: cardiopulmonary exercise testing.
°MAPE: mean absol ute percentage error.
IMAE: mean absolute error.

€bpm: beats per minute.

"Number of data points.

In the overal sample (N=630), the correlation coefficient CPX-measured HR on the x-axis and the difference between

between CPX-measured HR and Fithit Inspire 3—derived HR
was 0.90 (95% CI 0.88 - 0.91; Figure 1). The MAE was 5.20
(SD 8.75) beats per minute (bpm), and the MAPE was 5.40%
(SD 8.33%). The total error was 94 (N=630, 15%), with
overestimation and underestimation of 37 (6%) and 57 (9%),
respectively. The Bland-Altman plot (Figure 2) displays
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CPX and Fitbit HR measurements on they-axis. Thetime-series
trend of HR error, with time on the x-axis, is shown in Figure
3. The average difference in HR was -1.25 bpm, with upper
and lower limits of agreement of 18.56 bpm and —21.05 bpm,
respectively.
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Figurel. Scatter plot comparing heart rate (HR) measured by the Fitbit I nspire 3 with HR measured by cardiopulmonary exercisetesting (CPX), plotted
on the x-axis. Each point represents an individual measurement and is color-coded by exercise phase (rest, below anaerobic threshold [AT], above AT,
and recovery). The dashed gray line indicates the line of identity (y=x). bpm: beats per minute.
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Figure 2. Bland-Altman plot comparing heart rate (HR) measurements from the Fitbit Inspire 3 and cardiopulmonary exercise testing (CPX). The
x-axis represents HR measured by CPX, while the y-axis displays the difference between Fitbit and CPX HR values (Fitbit HR — CPX HR). The solid
horizontal line indicates the mean bias (-1.25 beats per minute [bpm]), and the dashed lines represent the 95% limits of agreement (+18.56 bpm and
-21.05 bpm). Density curves along the top and right margins show the distributions of CPX HR values and HR differences, respectively. Each point

represents a single measurement and is color-coded by exercise phase (rest,

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

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

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

https://cardio.jmir.org/2025/1/e77911

RenderX

G QT QT QT QT Q¥ QF QF oF @F o8 8 o of

&) G P F S

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

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

Discussion

Principal Findings

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

Comparison With Previous Wor k

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

Astheworkload increased during CPX, MAPE rosefrom 4.67%
(SD 5.53%) at rest to 5.23% (SD 8.29%) below the AT and
6.14% (SD 9.62%) above the AT (Table 2). Correspondingly,
measurement error increased with HR (Figure 2). A previous
study that varied walking speeds on atreadmill reported MAPES
of 9.99% at 3.0 km/h and 10.06% at 6.4 km/h [20]. Another
study that varied cycling workloads, similar to this study, found
aMAPE of -7.0% at alight load (50 W) and —15% at workloads
of 60% - 85% of HR reserve [24], indicating larger
measurement errorsat higher exerciseintensities. The decreased
accuracy at elevated workloads may be attributable to several
factors: the low test-retest reliability of wrist-based PPG sensors
(intraclass correl ation coefficients <0.5) [25], increased forearm
muscle contraction to stabilize the handl ebars (which can reduce
blood flow and introduce signal artifacts) [26,27], reduced
contact between the PPG sensor and the skin [ 28], measurement
latency [29], and motion artifacts themselves[30]. In our study,
underestimation became more pronounced at higher exercise
intensities, whereas overestimation predominated during the
recovery phase (Figure 3). The acute phase of HR recovery is
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influenced by parasympathetic reactivation, and the late phase
is associated with sympathetic withdrawal and reduced
catecholamine levels, generally leading to a 12 to 30 bpm
decrease within 1 minute [31]. The fact that 23 (77%)
participants were taking [ blockers suggests that
pharmacological effects, autonomic dysfunction, and the Fitbit
device's delayed response to sudden changes in HR [24] may
have collectively contributed to these discrepancies.

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

Limitations

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

Conclusions

This study demonstrated that the accuracy of HR estimation by
the Fitbit Inspire 3 varied depending on exercise intensity and
patient characteristics. These findings suggest that when using
the Fitbit Inspire 3 to support interventions such as home-based
exercise therapy in patients with CVD, including those with
HF, careful consideration should be given to the patient's HF
stage and exercise intensity, as well asto the device's potential
limitations in different usage scenarios.
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CVD: cardiovascular disease

ECG: electrocardiography

HF: heart failure

HR: heart rate

LVEF: left ventricular gjection fraction
MAE: mean absolute error

MAPE: mean absolute percentage error
PPG: photoplethysmography

VCO,: carbon dioxide output

VE: minute ventilation

VO,: oxygen uptake
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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

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

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
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workload intensity, and supporting performance monitoring. It
is also often integrated into algorithms to estimate other
physiological metrics, such as core body temperature and energy
expenditure [3-5]. HR is therefore a valuable and valid
parameter when aiming for health monitoring and workload
management.

The current criterion measure for assessing HR outside the
laboratory is the chest strap, which uses electrocardiogram
(ECG) technology, due to its strong agreement and minimal
bias when compared with the ECG-Holter device in 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
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weight, height, skin color, and body hair (while they were
dressed in underwear), all devices were placed in the specific
wearing positions on the body as recommended by the
manufacturers. The H10 chest strap was moistened prior to use.
All 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
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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
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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: Heart failureremainsamajor global health issue, significantly impacting patients’ quality of life dueto its chronic
and progressive nature. Effective discharge planning, including educational interventions such as videos and booklets, plays a
crucial role in enhancing self-care management and overall patient well-being.

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

Methods: This study used a quasi-experimental design and was conducted at PKU Muhammadiyah Gamping Hospital from
July to November 2024. A total of 42 participants who met the inclusion criteria were selected based on sample size calculations
using G* Power and were evenly assigned to intervention and control groups. Both groups received standard discharge planning
provided by health care professionals. Discharge planning videos and booklets were developed as educational tools for the
intervention group. The Minnesota Living With Heart Failure Questionnaire was used to assess quality of life. The independent
samplet test was used to analyze the effect of the intervention using SPSS (version 29). This study was conducted in accordance
with the ethical principles outlined in the Declaration of Helsinki and was approved by the institutional review board (number
150/KEP-PKU/V11/2024).

Results: Theintervention significantly improved the quality of life of patientswith heart failure, with the mean score decreasing
from 39.00 (SD 8.11) t0 24.76 (SD 4.02; P<.001) intheintervention group. In contrast, the control group showed minimal change,
from 39.90 (SD 5.89) to 40.24 (SD 5.84), resulting in a statistically significant between-group difference of 15.58 (P<.001).
Furthermore, the effect size was large (Cohen d=3.09), suggesting a strong practical significance of theintervention in enhancing
the quality of life among patients with heart failure. Moreover, the mean Minnesota Living With Heart Failure Questionnaire
scores across 4 domains—physical, mental, emotional, and social—al so showed significant improvements after the intervention.
The intervention group experienced reductions in all domains: physical (9.95 to 6.76), mental (7.81 to 5.62), emotional (13.19
to 7.48), and socia (8.05 to 4.90), whereas the control group showed minimal or no change. These results indicate that the
intervention effectively improved patients’ quality of life across multiple dimensions.

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

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

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

breath, fatigue, and fluid retention. Despite advancements in
medical treatments, heart failure remains a leading cause of
hospitalization and mortality, imposing a substantial burden on
health care systems and patients alike [1-3]. In Indonesia, heart
failure is among the top 10 noncommunicable diseases, with
229,696 (0.13%) patients diagnosed with the condition.

Introduction

Heart failure is a chronic and progressive condition that
significantly impairs the quality of life (QoL) of patients
globally. Characterized by the heart’s inability to pump blood
efficiently, it manifests through symptoms such as shortness of
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Additionally, based on doctor’s diagnoses or symptoms, the
prevalence of heart failure in Indonesia is estimated at 1.5%,
affecting approximately 2,650,340 individuals [4]. These
alarming statistics highlight the urgent need for effective
management strategies to mitigate the growing burden of heart
failure.

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

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

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

In recent years, the advent of digital technology has opened new
avenues for enhancing patient education and engagement [16].
Multimediatools, such asvideos, offer apromising solution by
presenting information in aclear, concise, and visually appealing
manner. Videos can be tailored to address the specific needs
and preferences of individual patients, making the content more
relevant and effective [17-19]. For example, videos can
demonstrate proper techniques for monitoring blood pressure,
taking medications, or performing physical exercises, providing
patients with practical guidance that they can easily follow at
home. Moreover, videos can be accessed repeatedly, allowing
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patients to review the information as needed, which reinforces
learning and promotes long-term retention [20-22].

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

Methods

Design and Setting

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

Participants and Sampling

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

Intervention

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

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

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

Outcome M easurement: QoL

The Minnesota Living With Heart Failure Questionnaire
(MLHFQ) was used to assess QoL across 4 domains: physical,
emotional, mental, and socia. The Indonesian version of the
MLHFQ consists of 20 validated items (excluding question 10
dueto low item correlation), scored using a4-point Likert scale.
Lower scoresindicate better QoL , whereas higher scoresreflect
poorer perceived health status. Total scores range from 24 to
80, categorized as <24 (good), 24 - 45 (moderate), and >45
(poor). The instrument showed high reliability (Cronbach
0=0.954) [34,35].

Data Collection and Analysis

Data collection occurred in 2 phases: a pretest before
intervention and a posttest 4 weeks after intervention. Patients
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completed the MLHFQ questionnaire at both time points to
assess changesin QoL (MultimediaAppendix 2). All datawere
analyzed using SPSS (version 29; IBM Corp). Descriptive
statistical analysis was conducted for sociodemographic
variables, including age, sex, education, and occupation. These
characteristicswere presented using frequencies and percentages
for each group. The Shapiro-Wilk test was also used to assess
the homogeneity of sociodemographic datadistributions between
groups. The Shapiro-Wilk test confirmed normal distribution
(Multimedia Appendix 3), allowing for parametric tests. Paired
t tests were used to compare pretest and posttest scores within
groups, whileindependent t tests compared differences between
groups at each time point.

Ethical Consider ations

This study was conducted in accordance with the ethical
principles outlined in the Declaration of Helsinki and was
approved by the ingtitutional review board of PKU
Muhammadiyah Gamping Hospital, Indonesia
(150/KEP-PKU/V11/2024). All participants provided written
informed consent prior to participation, which included consent
for the use of their data in secondary analyses. The
confidentiality and privacy of participants were protected by
using anonymized codes in al data records, and no personally
identifiable information was collected or reported. Participants
did not receive any monetary or material compensation for their
involvement in the study. Additionally, no images or materials
containing identifiable features of individual participants are
included in this manuscript or its supplementary files.

Results

Sociodemogr aphics of the Participants

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

Arofiati et d

Variables Group P value?
Intervention Control
Age, mean (SD) 62.8 (12.3) 60.7 (15.7) 28
Age, n (%)
<Mean 9(42.9) 10 (47.6)
>Mean 12 (57.1) 11 (52.4)
Sex, n (%) 84
Male 15 (71.4) 12 (57.1)
Female 6 (28.6) 9(42.9)
Education, n (%) .67
Primary 5(23.8) 10 (47.6)
Secondary 2(9.5) 2(9.5)
Tertiary 10 (47.6) 8(38.1)
University 4(19) 1(4.8)
Occupation, n (%) 31
Employed 13 (61.9) 10 (47.6)
Unemployed 8(38.1) 11 (52.4)

3Homogenity test by Shapiro-Wilk.

The Effect of the Intervention on the QoL of Patients
With Heart Failure

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

control group showed minimal change (40.24, SD 5.84; P=.031).
The postintervention difference between groupswas stetistically
significant (mean difference=15.58; P<.001), indicating that
theintervention substantially improved patients’ QoL compared
to standard discharge planning. Furthermore, the effect sizewas
large (Cohen d=3.09), suggesting astrong practical significance
of theintervention in enhancing QoL among patientswith heart
failure.

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

Parameters Group

Intervention Control
Pretest, mean (SD) 39.00 (8.11) 39.90 (5.89)
Posttest?, mean (SD) 24.76 (4.02) 40.24 (5.84)
Significance” <.001 .03

8posttest, the mean difference between the intervention and control group was 15.58 (independent sample t test P<.001; Cohen d=3.09).

PPaired t test.

Figure 2 illustrates the mean MLHFQ scores across 4
domains—physical, mental, emotional, and social—before and
after theintervention. Theintervention group showed significant
reductionsin all domains: physical (9.95to 6.76), mental (7.81
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to 5.62), emotional (13.19 to 7.48), and social (8.05 to 4.90).
In contrast, the control group showed minimal or no change.
Theseresultsindicate that the intervention effectively improved
patients’ QoL across multiple dimensions.
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Figure 2. Comparison of mean scores and standard deviation between two groups.
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Principal Findings

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

Multimedia Toolsin Patient Education

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

https://cardio.jmir.org/2025/1/e75417

to revisit video content allows patients to reinforce
comprehension, address areas of difficulty, and improve
long-term retention of key information. Thisalignswith studies
highlighting the advantages of multimediatoolsin overcoming
barriers such aslow health literacy, cognitive impairments, and
language difficulties, which are common among patients with
heart failure. By addressing these barriers, videos can enhance
patients confidence and ability to manage their condition
independently, ultimately leading to better health outcomes
[42,43].

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

Psychosocial Benefits of M ultimedia-Based Discharge
Planning

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

Study Implications

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

Strengths and Limitations

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

Arofiati et d

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

Recommendations and Future Wor k

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

Conclusions

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

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

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

JMIR Cardio 2025 | vol. 9 | €55846 | p.92
(page number not for citation purposes)


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

JMIR CARDIO

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
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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
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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
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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

https://cardio.jmir.org/2025/1/e55846
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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: Heart failure is a prevalent and debilitating condition, affecting millions globally and imposing a significant
burden on patients, families, and health care systems. Despite advancementsin medical treatments, the gap in effective, continuous,
and personalized supportive care remains glaringly evident. To address this pressing issue, virtual health care services delivered
by interdisciplinary teams represent a promising sol ution. Understanding the outcomes and experience of remote monitoring—enabled
interdisciplinary chronic disease management programs can inform resource allocation and health care policy decisions.

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

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

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

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

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

Methods

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

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

https://cardio.jmir.org/2025/1/e64877

Resear ch Design and Study Population

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

The VHHHFP

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

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

McKay et a

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

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

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

Patient inclusion criteria

(HFpEF).
«  New York Heart Association (NYHA) functional class|, |1, or I11.

Exclusion criteria

« Discharged to aresidential aged care facility.
«  NYHA functional classIV.

o  Hemodynamic instability.

«  Recurrent arrhythmias or unstable angina requiring investigation.

«  Continuous oxygen requirement at rest.

«  Existing cognitive impairment.

«  New or existing diagnosis of heart failure (heart failure with reduced gjection fraction (HFrEF) or heart failure with preserved gection fraction

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

«  Deteriorating rena function, defined as estimated glomerular filtration rate (€GFR) <30 mL/min.

https://cardio.jmir.org/2025/1/e64877
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