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Abstract

Background: Home blood pressure (BP) monitoring with lifestyle coaching is effective in managing hypertension and reducing
cardiovascular risk. However, traditional manual lifestyle coaching models significantly limit availability due to high operating
costs and personnel requirements. Furthermore, the lack of patient lifestyle monitoring and clinician time constraints can prevent
personalized coaching on lifestyle modifications.

Objective: This study assesses the effectiveness of a fully digital, autonomous, and artificial intelligence (AI)–based lifestyle
coaching program on achieving BP control among adults with hypertension.

Methods: Participants were enrolled in a single-arm nonrandomized trial in which they received a BP monitor and wearable
activity tracker. Data were collected from these devices and a questionnaire mobile app, which were used to train personalized
machine learning models that enabled precision lifestyle coaching delivered to participants via SMS text messaging and a mobile
app. The primary outcomes included (1) the changes in systolic and diastolic BP from baseline to 12 and 24 weeks and (2) the
percentage change of participants in the controlled, stage-1, and stage-2 hypertension categories from baseline to 12 and 24 weeks.
Secondary outcomes included (1) the participant engagement rate as measured by data collection consistency and (2) the number
of manual clinician outreaches.

Results: In total, 141 participants were monitored over 24 weeks. At 12 weeks, systolic and diastolic BP decreased by 5.6 mm
Hg (95% CI −7.1 to −4.2; P<.001) and 3.8 mm Hg (95% CI −4.7 to −2.8; P<.001), respectively. Particularly, for participants
starting with stage-2 hypertension, systolic and diastolic BP decreased by 9.6 mm Hg (95% CI −12.2 to −6.9; P<.001) and 5.7
mm Hg (95% CI −7.6 to −3.9; P<.001), respectively. At 24 weeks, systolic and diastolic BP decreased by 8.1 mm Hg (95% CI
−10.1 to −6.1; P<.001) and 5.1 mm Hg (95% CI −6.2 to −3.9; P<.001), respectively. For participants starting with stage-2
hypertension, systolic and diastolic BP decreased by 14.2 mm Hg (95% CI −17.7 to −10.7; P<.001) and 8.1 mm Hg (95% CI
−10.4 to −5.7; P<.001), respectively, at 24 weeks. The percentage of participants with controlled BP increased by 17.2% (22/128;
P<.001) and 26.5% (27/102; P<.001) from baseline to 12 and 24 weeks, respectively. The percentage of participants with stage-2
hypertension decreased by 25% (32/128; P<.001) and 26.5% (27/102; P<.001) from baseline to 12 and 24 weeks, respectively.
The average weekly participant engagement rate was 92% (SD 3.9%), and only 5.9% (6/102) of the participants required manual
outreach over 24 weeks.

Conclusions: The study demonstrates the potential of fully digital, autonomous, and AI-based lifestyle coaching to achieve
meaningful BP improvements and high engagement for patients with hypertension while substantially reducing clinician workloads.

Trial Registration: ClinicalTrials.gov NCT06337734; https://clinicaltrials.gov/study/NCT06337734

(JMIR Cardio 2024;8:e51916) doi: 10.2196/51916
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Introduction

Background
High blood pressure (BP), or hypertension, is one of the most
prevalent chronic diseases in the world [1]. Hypertension affects
48% (approximately 120 million) of adults in the United States,
and 78% (approximately 93 million) of the cases are
uncontrolled (ie, BP≥130/80 mm Hg) [2]. Hypertension is a
major risk factor for stroke and acute myocardial infarction [3]
and remains a large public health challenge with an extra cost
of US $2000 per year per hypertension patient, resulting in an
additional US $131 billion in annual health care costs in the
United States [4]. The American College of Cardiology and
American Heart Association’s clinical practice guidelines define
hypertension as systolic BP (SBP)≥130 mm Hg or diastolic BP
(DBP)≥80 mm Hg, consistently over time [5]. A large-scale
analysis of 48 randomized clinical trials showed that a 5–mm
Hg reduction in SBP lowered the risk of major cardiovascular
events by 10% [6], highlighting the importance of developing
new strategies to achieve hypertension control at scale.

Hypertension management typically begins with home
monitoring of BP to gain a more accurate estimate of a patient’s
BP within their usual, daily routine [7]. However,
self-monitoring without additional support is not associated
with lower BP or better control [8-10]. Lifestyle management
in conjunction with self-monitoring is effective in controlling
BP as lifestyle factors (eg, activity, sleep, diet, and stress) have
a substantial impact on BP [11-14]. Even for patients taking
antihypertensive medication, lifestyle management can enhance
medication efficacy, leading to better BP control [15].
Traditionally, lifestyle management involves patients with
hypertension visiting their primary care physician (PCP) and
receiving guidance on lifestyle modifications that are generally
known to improve BP. However, due to time constraints related
to workload, physicians are often unable to optimally counsel
patients on lifestyle modifications or personalize their guidance
[16,17]. Due to insufficient guidance and the lack of feedback
in between clinic visits, patients may implement some of these
changes; however, patient engagement and compliance are
generally suboptimal for achieving control. To improve patient
engagement, new digital health technologies and remote patient
monitoring programs have been developed for hypertension
care [18-21]. These programs typically provide patients with
remote monitoring devices (eg, BP cuffs and activity trackers)
and match patients with health coaches. BP and lifestyle data
collected from remote monitoring devices allow health coaches
to view trends and make personalized recommendations to
patients. However, these approaches do not consider the
individual impact of lifestyle factors on BP, which may vary
across individuals due to physiological differences. Furthermore,
the reliance on health coaches is highly time and resource
intensive, resulting in a high operating cost, which significantly
limits scalability [22].

Objectives
To address the challenges of poor patient engagement due to
generic, insufficient guidance and limited scalability of care
due to human coaching models, we propose an artificial
intelligence (AI)–driven, autonomous, precise lifestyle coaching
program for patients with hypertension. The intervention
platform consists of a monitoring system that ingests lifestyle
and BP data and builds personalized machine learning (ML)
models to determine the individual impact of different lifestyle
factors on BP. On the basis of the lifestyle impact analysis, the
system autonomously provides precise lifestyle
recommendations delivered to a patient’s smartphone that enable
patients to focus on specific aspects of their lifestyle that have
the greatest associations with their BP. While the platform
autonomously engages patients, it is clinician supervised and
notifies clinicians of critical BP readings. In our previous study
[23], we enrolled 38 participants who were prehypertensive or
had stage-1 hypertension (SBP between 120 and 139 mm Hg
or DBP between 80 and 89 mm Hg) and demonstrated that 75%
of the participants receiving the intervention were able to
achieve a controlled BP (<130/80 mm Hg) after 16 weeks of
engagement. However, the limitations of the previous study
[23] are as follows: (1) the participants were not provided with
an interactive mobile app for the delivery of our precise lifestyle
recommendations, (2) the small number of participants did not
enable rigorous evaluation, and (3) the study did not consider
patients with stage-2 hypertension who can potentially benefit
more from lifestyle management.

This study aims to evaluate the effectiveness of our AI-based,
precise lifestyle guidance coaching program in helping patients
with stage-2 hypertension achieve BP control and demonstrate
the platform’s scalability. The primary study objectives are to
evaluate the change in BP and the percentage change of
participants in different BP categories (controlled, stage-1
hypertension, and stage-2 hypertension) over time (baseline,
12 weeks, and 24 weeks). Secondary objectives include
assessing participant engagement as measured by consistency
of data collection and interactions with our mobile app and
determining the number of manual clinician interventions, as
defined by the escalation rules set for the study, to assess the
potential scalability of our approach.

Methods

Recruitment
This study was performed in collaboration with the University
of California, San Diego Health’s Population Health Services
Organization (PHSO). Participants were enrolled on a rolling
basis from November 2021 to February 2023. The inclusion
criteria required participants to have stage-2 hypertension
(SBP≥140 mm Hg or DBP≥90 mm Hg per the American College
of Cardiology and American Heart Association’s 2017
guidelines [5]) based on their most recent clinical measurements
and to be fully ambulatory (ie, not requiring an assistive device
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such as a cane, wheelchair, or walker). In addition, participants
were required to be aged ≥18 years at enrollment, be English
speaking, and own an Android or iPhone (Apple Inc)
smartphone. The trial was designed in a fully remote manner
so that participants could participate entirely from home. The
PHSO care team aggregated a list of patients who met the
inclusion criteria and sent a recruitment flyer via bulk message
using the Epic MyChart (Epic Systems Corporation) messenger.
The flyer introduced the study and instructed patients to email
the study team if they were interested in participating. After
contacting the study team, eligible patients were asked to
complete an electronic informed consent form. Patients who
consented were sent a Fitbit Inspire 2 (Fitbit Inc) and a
Bluetooth-enabled Omron Silver (Omron Corporation) BP
monitor to collect their lifestyle and BP data for up to 6 months.
Each shipment included instructions for self-onboarding, which
described the steps to set up and connect the devices to the
patient’s mobile phone. Patients who already owned a Fitbit or
Apple Watch (Apple Inc) had the option to use their device
instead of receiving one from the study team. Patients who
required an extra-large cuff were provided an iHealth Ease
(iHealth Labs Inc) BP monitor instead of an Omron Silver.

Ethical Considerations
This study (protocol #181405) was reviewed and approved by
the University of California, San Diego’s Human Research
Protections Program, which operates Institutional Review
Boards. All participants in this study provided informed consent,
which included the collection of their data and the provision of
study results derived from their individual data. The
confidentiality and privacy of participants were ensured by
assigning a deidentified code to each patient. While participants
were not offered monetary compensation, those without a BP
monitor or wearable device were provided with these devices.
The study was registered at ClinicalTrials.gov (NCT06337734).

Study Design and Data Collection
We collected data from each participant using a Fitbit or Apple
Watch, Omron or iHealth wireless BP monitor, and the study’s
questionnaire mobile app. Participants were asked to wear their
Fitbit or Apple Watch as often as possible, including during
sleep, and take 1 to 2 BP measurements per day, in the morning
(8 AM-10 AM) or evening (7 PM-9 PM). We provided

participants with instructions on how to take accurate resting
BP readings [24] and asked that they take 3 consecutive readings
during each morning and evening session. This resulted in 1 to
2 sets of 3 measurements per day, and the average of the 3
measurements was used as the final value for each session.
Participants synced their BP data to the Omron or iHealth mobile
app and their Fitbit data to the Fitbit mobile app; subsequently,
the data were automatically uploaded to the Omron, iHealth, or
Fitbit clouds. These data were retrieved remotely through the
application programming interfaces (APIs) provided by Omron,
iHealth, and Fitbit. Data from the Apple Watch were synced
with the study mobile app and uploaded via a custom API to
our server. In addition, participants completed a daily
questionnaire using our study mobile app that asked about their
stress, mood, and dietary choices over the past 24 hours. These
questions were developed in collaboration with physicians on
our team. The diet questions are tailored to measure information
relevant to hypertension, including alcohol, red meat, fruits or
vegetables, and salt consumption [25]. The details of the
questionnaire are described in our previous study [23]. In
addition, we asked participants to complete a study experience
survey that asked them to rate the difficulty level of completing
the study tasks, how useful they found the recommendations,
and their experience using the app. These responses were
collected through the mobile app and used to assess participant
experience. Figure 1 describes the system architecture and data
transmission.

Wrist-worn activity and sleep trackers have been widely used
in health-related research studies [26], and devices such as
Fitbits and Apple Watches have been shown to accurately
measure parameters such as step count, heart rate, and sleep
duration [27,28]. Fitbits and Apple Watches include an optical
heart rate monitor and a 3-axis accelerometer. The devices use
these sensors to calculate various health parameters, including
lifestyle and vitals measurements. Lifestyle factors include
activity (eg, steps, walking and running speed, and active time),
sleep timing (eg, sleep duration, bedtime, and uptime), and sleep
stages (ie, deep, light, rapid eye movement, and awake). These
lifestyle factors are used as part of the intervention, in which
we use ML techniques to determine which of the factors have
the greatest association with a participant’s BP and base our
guidance on this analysis.
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Figure 1. Architecture of data transmission. Participant data were collected from Bluetooth-enabled blood pressure (BP) monitors, wearable devices,
and a mobile app–based questionnaire. Data were uploaded through the respective application programming interfaces (APIs) to our app server, where
the individualized analysis was carried out before delivering recommendations to participants.

Description of the Intervention
The intervention is intended to support participants’daily efforts
to improve BP and overall cardiometabolic function by
facilitating behavioral changes that target physical activity,
sleep hygiene, stress management, and dietary choices most
relevant to their BP. The intervention platform uses remotely
collected lifestyle and BP data to provide personalized, precise,
and proactive lifestyle coaching using AI to participants with
hypertension. The system integrates the data described in the
previous section into a combined data set for each participant.
Each participant’s personal data set consists of lifestyle features
(eg, step count, sleep duration, and salt consumption) that are
time aligned with their BP measurements, which serve as the
labels for training the ML model. Therefore, each participant’s
data set is used to train a personal ML model that can predict
BP using the participant’s lifestyle data as input. With this
trained model, the intervention system can determine how
different aspects of lifestyle affect the participant’s BP. On the
basis of the model’s determination of the lifestyle factors’
impact, the system generates precise lifestyle recommendations.
Each lifestyle factor is mapped to a corresponding lifestyle
recommendation that was designed with physicians on our team
to be consistent with evidence-based clinical guidelines.
Furthermore, prior studies have demonstrated that these
recommendations, such as increasing step count [29,30],
improving sleep quality [31,32], managing stress [33], and
reducing salt consumption [34,35], can result in BP reduction.
The objective of these precise lifestyle recommendations is to
encourage participants to concentrate on 1 aspect of their
lifestyle at a time, focusing on the factor that has the greatest

association with their BP based on the underlying relationship
between their BP and lifestyle factors. We describe the AI-based
intervention platform in more detail in our previous study [23].

Participants received weekly lifestyle recommendations based
on their data and personalized analytics, which continuously
evolved over time. These recommendations were delivered to
participants via programmable text messages using the Twilio
API (Twilio Inc) service [36] and were displayed in the study
mobile app. Each text message included a summary of the
participant’s BP progression for the current week in addition
to the lifestyle recommendation. Figure 2 displays examples of
these weekly lifestyle recommendations provided in the study
app. In addition, patients completed a midweek check-in on the
app, which asked whether they could follow each
recommendation (yes or no) and to rate the recommendation
difficulty on a scale from 1 to 5.

The system includes a safety mechanism to involve clinician
intervention in the case of critically high or low BP readings.
Critically high BP was defined as SBP>180 mm Hg or DBP>110
mm Hg, and critically low BP was defined as SBP<90 mm Hg
or DBP<60 mm Hg [5]. After a critical reading, participants
received a text message asking them to remeasure their BP and
prompting them to seek assistance or call their medical provider
if they were experiencing certain symptoms (eg, chest pain and
severe headache). After 2 critical readings in a row, an escalation
notification was sent to the PHSO care team via email for
manual outreach. To avoid notification fatigue, we limited the
number of critically high or low BP notifications sent to the
care team to 1 notification per week for a patient.
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Figure 2. Lifestyle recommendations delivered in the mobile app. Participants received weekly lifestyle recommendations based on their data and
personalized analytics. The recommendations encouraged participants to prioritize a single lifestyle modification at a time, focusing on the factor that
had the greatest impact on their blood pressure (BP).

Primary Outcomes: BP Change and Population
Hypertension Control
The first primary outcome was the change in SBP and DBP
from baseline to 12 weeks and 24 weeks. A participant’s
baseline BP was calculated as the average of their readings
during the first week of the study. The 12th- and 24th-week
BPs were a participant’s average reading during that week of
the study plus 1 week and minus 1 week. We included BP
measurements from 1 week before and after to get a more
representative result. For example, the 12-week value was the
average of all readings from weeks 11 to 13. As previously
mentioned, a 5–mm Hg reduction in SBP can lower the risk of
major cardiovascular events by 10% [6]. This motivated us to
determine the percentage of participants who experienced
>5–mm Hg reduction in SBP at 12 weeks and 24 weeks. To
understand the effect on participants with different baseline
BPs, we carried out subgroup analysis in which participants
were sorted into 3 groups based on their baseline BP: (1)
controlled (SBP<130 mm Hg and DBP<80 mm Hg), (2) stage-1
hypertension (SBP 130-139 mm Hg or DBP 80-89 mm Hg),
and (3) stage-2 hypertension (SBP≥140 mm Hg or DBP≥90
mm Hg).

Another primary outcome was the percentage change of
participants in different BP categories from baseline to 12 weeks
and 24 weeks. To assess this, we calculated the percentage of
participants who were in the controlled, stage-1 hypertension,
and stage-2 hypertension categories at baseline, 12 weeks, and
24 weeks. Using these percentages, we determined the
percentage change from baseline to 12 weeks and 24 weeks.

Secondary Outcomes: Participant Engagement and
Clinician Intervention
A secondary outcome measured participant engagement as
determined by the consistency of data collection and interactions
with our mobile app. The 3 main tasks participants were asked
to complete included measuring BP, syncing their wearable
device, and answering the mobile app questionnaire. As a result,
we used these 3 tasks as our measure of engagement and
calculated the percentage of participants completing each of
these tasks each week. A participant was marked as engaged
for a given week if they provided a BP reading, synced their
wearable device data, and answered the questionnaire at least
once during the week.

JMIR Cardio 2024 | vol. 8 | e51916 | p. 5https://cardio.jmir.org/2024/1/e51916
(page number not for citation purposes)

Leitner et alJMIR CARDIO

XSL•FO
RenderX

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


Another secondary outcome was the number of times
participants were escalated to the PHSO care team for manual
follow-up. The objective of this outcome was to determine the
care team’s time and resource requirements to implement the
intervention and assess the scalability of our approach. The
condition for care team intervention was 2 critical BP readings
in a row, as previously described.

Statistical Analysis
Descriptive statistics (eg, mean, SD, and percentage) were
calculated to describe the demographic and baseline clinical
characteristics of the enrolled study population. We compared
the characteristics between subgroups based on their baseline
BP classification.

Change in SBP and DBP from baseline to 12 weeks and 24
weeks was analyzed using a 2-tailed paired Student t test with
the level of statistical significance set to P<.05. Furthermore,
95% CIs were calculated for these changes. Baseline and
follow-up BP data were normally distributed. The McNemar
nonparametric test was used to examine the change in the
proportion of participants in the controlled, stage-1, and stage-2
BP range from baseline to 12 weeks and 24 weeks. The
McNemar test is used to determine if there is a statistically
significant difference in proportions between paired data. We
conducted all statistical analyses with Python 3.9 (Python
Software Foundation) using the NumPy, Pandas, and SciPy
libraries.

Results

Feasibility Outcomes: Recruitment, Adherence, and
Participant Experience
Participants were enrolled on a rolling basis from November
2021 to February 2023. Figure 3 details the recruitment numbers
and participant flow through the study. A total of 274 patients
responded to the Epic MyChart recruitment message by
contacting our team and expressing interest. In total, 164 patients
consented to join the study, out of which 141 (86%) were
onboarded and started collecting data. There was a 9.2%
(13/141) dropout rate from the start of the study to 12 weeks
and a 20.3% (26/128) dropout rate from 12 weeks to 24 weeks.
Reasons for participants withdrawing from the study included
receiving new medical diagnoses (eg, cancer diagnosis),
achieving a healthy BP, family emergencies, and other personal
reasons. For the 141 participants who onboarded, Table 1
compares the characteristics between subgroups based on

baseline BP classifications. The average age of participants was
57.5 (SD 13.9) years, and 44% (62/141) of the participants were
female. For participants who had stage 2 hypertension at
baseline, the average baseline BP was 141.9/89.4 mm Hg. In
total, 83.7% (118/141) of the participants reported that they
were taking antihypertensive medication at the beginning of the
study.

As previously described, we asked participants each week to
rate the difficulty of the recommendations they received on a
scale from 1 to 5 and indicate whether they could follow each
recommendation. This was done to assess compliance and the
perceived difficulty of the recommendations. The histogram of
difficulty ratings, divided into Yes and No responses, is shown
in Multimedia Appendix 1. Recommendations were followed
63.64% (721/1133) of the time and not followed 36.36%
(412/1133) of the time. The average difficulty rating for
recommendations that were followed was 1.97, indicating lower
difficulty, whereas the average for those not followed was 3.67,
indicating higher difficulty. Evidently, there is a negative
correlation between the perceived difficulty of a
recommendation and its likelihood of being followed. We also
tracked the number of unique recommendations each patient
was sent. Out of the 37 unique recommendations, patients
received an average of 9.4 (25%) unique recommendations each.
The distribution of the number of unique recommendations is
shown in Figure 4. The median and IQR suggest a distribution
close to normal. The maximum number of unique
recommendations received by a single patient was as high as
21. These statistics demonstrate a broad range of
recommendations given to the patients, covering various aspects
of lifestyle.

An additional feasibility outcome we evaluated was participant
experience as measured by responses to a study experience
survey. As previously mentioned, this survey asked patients to
rate the difficulty level of completing the study tasks, how useful
they found the recommendations, and their experience using
the app. Multimedia Appendix 2 presents the distribution of
participant responses to these 3 questions. In total, 70
participants responded to the survey. In total, 61% (43/70) of
the participants responded that the study tasks were “easy” or
“very easy” to incorporate into their daily routine, 51% (36/70)
of the participants found the personalized recommendations to
be “useful” or “very useful” compared to generic
recommendations, and 86% (60/70) of the participants rated
the app experience as “good” or “great.”
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Figure 3. Flow of participants through the study. Adults with hypertension were enrolled from the University of California, San Diego Health between
November 2021 and February 2023 into a single-arm nonrandomized trial. BP: blood pressure.

Table 1. Participant demographics and characteristics grouped by baseline BPa (N=141).

Baseline BP categoryCharacteristics

Stage 2 (n=55)Stage 1 (n=48)Controlled (n=38)All (N=141)

57.3 (13.5)57.6 (12.6)57.8 (16.0)57.5 (13.9)Age (y), mean (SD)

24 (44)24 (50)14 (37)62 (44)Female, n (%)

189.7 (45.7)164.5 (52.3)170.0 (41.6)175.8 (48.4)Weight (lb), mean (SD)

141.9 (9.3)128.8 (7.1)121.4 (6.1)131.9 (11.5)Baseline SBPb (mm Hg), mean (SD)

89.4 (8.0)82.2 (6.4)74.2 (4.4)82.9 (9.0)Baseline DBPc (mm Hg), mean (SD)

47 (85)39 (81)32 (84)118 (83.7)Taking hypertension medication, n (%)

aBP: blood pressure.
bSBP: systolic blood pressure.
cDBP: diastolic blood pressure.

JMIR Cardio 2024 | vol. 8 | e51916 | p. 7https://cardio.jmir.org/2024/1/e51916
(page number not for citation purposes)

Leitner et alJMIR CARDIO

XSL•FO
RenderX

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


Figure 4. Distribution showing the number of unique recommendations sent to each patient. Patients received an average of 9.4 unique recommendations
each.

BP Outcomes
For assessing BP outcomes, we used data from the 128 and 102
participants who completed 12 and 24 weeks in the study,
respectively. Table 2 details the change in BP from baseline to
12 weeks. Across all participants, there was a statistically
significant change of −5.6 mm Hg (95% CI −7.1 to −4.2;
t127=7.6; P<.001) in SBP and −3.8 mm Hg (95% CI −4.7 to
−2.8; t127=7.7; P<.001) in DBP after 12 weeks. Notably, 45.3%

(58/128) of the participants achieved a clinically meaningful
SBP drop of ≥5 mm Hg after 12 weeks. Table 3 details the
change in BP from baseline to 24 weeks. For the participants
who completed 24 weeks in the study, there was a statistically
significant change of −8.1 mm Hg (95% CI −10.1 to −6.1;
t101=8.1; P<.001) in SBP and −5.1 mm Hg (95% CI −6.2 to
−3.9; t101=8.4; P<.001) in DBP. In total, 58.8% (60/102) of the
participants achieved a clinically meaningful SBP drop of ≥5
mm Hg after 24 weeks.

Table 2. Comparison of average BPa change at 12 weeks for different participant subgroups based on baseline BP (n=128)b.

≥5–mm Hg reduction in SBPc at
12 weeks, n (%)

P valuet test (df)Change in BP at 12 weeks,
Δmean (SD; 95% CI)

Participants, n (%)BP and subgroup

SBP

58 (45.3)<.0017.6 (127)−5.6 (8.1; −7.1 to −4.2)128 (100)Overall

11 (35).0013.7 (30)−3.6 (5.2; −5.5 to −1.6)31 (24.2)Controlled

14 (30).022.5 (45)−2.6 (7.2; −4.8 to −0.5)46 (35.9)Stage 1

33 (65)<.0017.3 (50)−9.6 (9.2; −12.2 to −6.9)51 (39.8)Stage 2

DBPd

N/Ae<.0017.7 (127)−3.8 (5.5; −4.7 to −2.8)128 (100)Overall

N/A.032.3 (30)−1.6 (3.8; −3.0 to −0.2)31 (24.2)Controlled

N/A<.0014.7 (45)−3.1 (4.4; −4.4 to −1.7)46 (35.9)Stage 1

N/A<.0016.2 (50)−5.7 (6.7; −7.6 to −3.9)51 (39.8)Stage 2

aBP: blood pressure.
bFor participants with stage-2 hypertension at baseline, SBP and DBP changed by −9.6 mm Hg and −5.7 mm Hg, respectively, after 12 weeks.
cSBP: systolic blood pressure.
dDBP: diastolic blood pressure.
eN/A: not applicable.

JMIR Cardio 2024 | vol. 8 | e51916 | p. 8https://cardio.jmir.org/2024/1/e51916
(page number not for citation purposes)

Leitner et alJMIR CARDIO

XSL•FO
RenderX

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


Table 3. Comparison of average BPa change at 24 weeks for different participant subgroups based on baseline BP (n=102)b.

≥5–mm Hg reduction in SBPc at
24 weeks, n (%)

P valuet test (df)Change in BP at 24 weeks,
Δmean (SD; 95% CI)

Participants, n (%)BP and subgroups

SBP

60 (58.8)<.0018.1 (101)−8.1 (10.1; −10.1 to −6.1)102 (100)Overall

14 (50).022.6 (27)−3.9 (8.6; −7.1 to −0.8)28 (27.5)Controlled

17 (46)<.0013.9 (36)−5.2 (8.0; −7.9 to −2.5)37 (36.3)Stage 1

29 (78)<.0018.2 (36)−14.2 (10.6; −17.7 to −10.7)37 (36.3)Stage 2

DBPd

N/Ae<.0018.4 (101)−5.1 (6.0; −6.2 to −3.9)102 (100)Overall

N/A.032.3 (27)−1.9 (4.3; −3.6 to −0.2)28 (27.5)Controlled

N/A<.0015.7 (36)−4.4 (4.7; −6.0 to −2.8)37 (36.3)Stage 1

N/A<.0017.0 (36)−8.1 (6.9; −10.4 to −5.7)37 (36.3)Stage 2

aBP: blood pressure.
bFor participants with stage-2 hypertension at baseline, SBP and DBP changed by −14.2 mm Hg and −8.1 mm Hg, respectively, after 24 weeks.
cSBP: systolic blood pressure.
dDBP: diastolic blood pressure.
eN/A: not applicable.

Participants with a baseline BP classified as stage-2 hypertension
had the greatest change in BP and the greatest percentage of
participants achieving a clinically meaningful SBP drop after
12 and 24 weeks. For these participants, SBP and DBP improved
by −9.6 mm Hg (95% CI −12.2 to −6.9; t50=7.3; P<.001) and
−5.7 mm Hg (95% CI −7.6 to −3.9; t50=6.2; P<.001) after 12
weeks, respectively, and −14.2 mm Hg (95% CI −17.7 to −10.7;
t36=8.2; P<.001) and −8.1 mm Hg (95% CI −10.4 to −5.7;
t36=7.0; P<.001) after 24 weeks, respectively. In total, 65%
(33/51) and 78% (29/37) of the participants achieved a clinically
meaningful SBP drop of ≥5 mm Hg after 12 and 24 weeks,
respectively.

Another primary outcome we assessed was the percentage
change of participants in different BP categories from baseline
to 12 weeks and 24 weeks. Tables 4 and 5 detail this analysis.
For participants completing 12 weeks in the study, the
percentage of participants in the controlled range increased by
17.2% from 24.2% (31/128) to 41.4% (53/128; McNemar

χ2
1=3.0, P<.001). The percentage of participants with stage 2

hypertension decreased by 25% from 39.8% (51/128) to 14.8%

(19/128; McNemar χ2
1=4.0, P<.001) after 12 weeks. This means

that 63% (32/51) of the patients with stage-2 hypertension at
baseline moved into lower BP categories after 12 weeks. For
those who completed 24 weeks in the study, the percentage in
the controlled range increased by 26.5% from 27.5% (28/102)

to 53.9% (55/102; McNemar χ2
1=2.0, P<.001), and the stage-2

percentage decreased by 26.5% from 36.3% (37/102) to 9.8%

(10/102; McNemar χ2
1=3.0, P<.001). This means that 73%

(27/37) of the patients with stage-2 hypertension at baseline
moved into lower BP categories after 24 weeks. Note that the
percentage changes for the stage-1 hypertension category from
baseline to 12 weeks and 24 weeks were not statistically
significant at the P=.05 level. The smaller change in the stage-1
hypertension population is due to a cascading effect where the
number of participants moving from stage 2 into stage 1 was
offset by the number of patients moving out of stage 1 and into
the controlled BP category. For example, from baseline to 24
weeks, 18 participants moved from stage 2 to stage 1, and 17
participants moved from stage 1 to the controlled category.

Table 4. Change in the percentage of participants in different BPa categories from baseline to 12 weeks (n=128)b.

P valueMcNemar χ2 (df)12-week difference, n (%)Population at 12 weeks, n (%)Population at baseline, n (%)Subgroups

<.0013.0 (1)22 (17.2)53 (41.4)31 (24.2)Controlled

.2020.0 (1)10 (7.8)56 (43.8)46 (35.9)Stage 1

<.0014.0 (1)−32 (−25)19 (14.8)51 (39.8)Stage 2

aBP: blood pressure.
bThe percentage of participants with stage-2 hypertension decreased by 25% from 39.8% to 14.8% after 12 weeks.
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Table 5. Change in the percentage of participants in different BPa categories from baseline to 24 weeks (n=102)b.

P valueMcNemar χ2 (df)24-week difference, n (%)Population at 24 weeks, n (%)Population at baseline, n (%)Subgroups

<.0012.0 (1)27 (26.5)55 (53.9)28 (27.5)Controlled

N/AN/Ac0 (0)37 (36.3)37 (36.3)Stage 1

<.0013.0 (1)−27 (−26.5)10 (9.8)37 (36.3)Stage 2

aBP: blood pressure.
bThe percentage of participants with stage-2 hypertension decreased by 26.5% from 36.3% to 9.8% after 24 weeks.
cN/A: not applicable.

Participant Engagement
We assessed participant engagement based on the percentage
of active participants completing the program tasks each week.
Figures 5-7 show the weekly percentage of active patients
measuring their BP, syncing their wearable device, and
answering the questionnaire during the 24 weeks, respectively.
We set an engagement goal of 90% for the study, which is

represented by the red dashed lines in the figures. The average
BP measurement engagement rate was 93% (SD 4.3%), and
this rate was >90% for 19 (79%) out of 24 weeks. The average
wearable syncing engagement rate was 94% (SD 2.4%), and
this rate was >90% for 21 (88%) out of 24 weeks. The average
questionnaire engagement rate was 88% (SD 4.9%), and this
rate was >90% for 10 (42%) out of 24 weeks.

Figure 5. Percentage of active participants measuring their blood pressure (BP) during the 24 weeks.

JMIR Cardio 2024 | vol. 8 | e51916 | p. 10https://cardio.jmir.org/2024/1/e51916
(page number not for citation purposes)

Leitner et alJMIR CARDIO

XSL•FO
RenderX

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


Figure 6. Percentage of active participants syncing their wearable device during the 24 weeks.

Figure 7. Percentage of active participants answering the questionnaire during the 24 weeks.

Clinician Intervention
For the 128 participants completing 12 weeks in the study, an
escalation notification was sent to the care team 8 times. There
were 3.9% (5/128) unique patients who required manual
outreach during the first 12 weeks. For the 102 patients
completing 24 weeks in the study, an escalation notification
was sent to the PHSO care team 11 times. There were 5.9%
(6/102) unique patients who required manual outreach during
the 24 weeks.

Discussion

Principal Findings
This study aims to assess the effectiveness of a fully digital,
autonomous, and AI-based lifestyle coaching program in

achieving BP control and high engagement among adults with
hypertension. The key components of this program included
detailed lifestyle data collection via both wearables and
questionnaires and weekly lifestyle recommendations based on
personalized, AI-based analytics delivered via a mobile app.
The guidance supported the participant’s daily efforts to improve
BP through behavioral changes that targeted physical activity,
sleep hygiene, stress management, and dietary choices.
Specifically, the program provided weekly guidance based on
associations between lifestyle data and BP uncovered using ML
and asked the participants to focus on the lifestyle factor with
the greatest association. The precise lifestyle recommendations
enabled participants to focus on the most relevant aspect of their
lifestyle as opposed to receiving general guidance. Our
intervention approach aligns with the Fogg Behavioral Model,
which states that 3 elements (ability, motivation, and prompts)
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are essential for behavior change [37]. By directing participants
to focus on 1 lifestyle behavior at a time, the intervention
simplified compliance and therefore increased the ability of the
participants to adhere to the recommendations. This targeted
strategy likely bolstered participants’ motivation, as they could
clearly see how specific lifestyle modifications directly
influenced their BP. Each recommendation was delivered via
a text message and prompted the user to take specific action.
Furthermore, each recommendation was sent with a motivational
message regarding their BP progress. We believe that this
combination of personalized advice, ease of compliance, and
motivational reinforcement contributed to our high engagement
and improved BP outcomes.

We assessed multiple feasibility outcomes, including enrollment
rate, adherence, and participant experience. In total, 59.9%
(164/274) of the patients who initially expressed interest in
joining the program ended up enrolling. Furthermore, although
patients were recruited based on their last clinical BP reading,
which required an SBP≥140 mm Hg or DBP≥90 mm Hg (stage-2
hypertension), many participants were not in the stage-2 range
at baseline. Possible reasons for this include white coat
hypertension [38] or that between the time of their last clinical
BP reading and their enrollment in the study, they may have
started taking BP medication or changed their diet. To improve
the enrollment rate and ensure that patients who enroll have
stage-2 hypertension, a new recruitment strategy is required.
This new strategy could involve recruiting patients through PCP
referrals. We hypothesize that this will increase the take-up rate
due to increased trust from the more personal nature of the
referral [39]. Furthermore, for the patients who are referred to
the study, their PCPs would be instructed not to start the patients
on any new BP medication or lifestyle intervention before the
study, except in critical cases. This would help ensure patients
joining the study are indeed in the stage-2 hypertension category.
Another feasibility outcome we assessed was participant
experience. While most participants (43/70, 61%) found the
study tasks easy to incorporate into their daily routine, a few
(3/70, 4%) found it difficult. These included difficulty in
measuring BP due to work schedules and travel, caregiving
responsibilities, and equipment and syncing issues. To address
these challenges, the intervention should be more context aware
and adapt the program tasks and recommendations based on
patients’ circumstances. For example, a patient who works a
night shift should not be asked to measure their BP at the same
time or be given the same sleep recommendations as a patient
who works during the day. Context-aware interventions would
enhance the patient experience and increase the engagement
rate.

Participants experienced a statistically significant decrease of
8.1 mm Hg and 5.1 mm Hg in SBP and DBP, respectively, after
24 weeks. Furthermore, this improvement was more pronounced
in participants who started the program with stage-2
hypertension, achieving a 14.2 mm Hg and 8.1 mm Hg reduction
in SBP and DBP, respectively. Reducing BP holds clinical
significance not only for individuals with stage 2 hypertension
but also for those with elevated BP or stage 1 hypertension.
This is clinically meaningful as lower SBP values have been
associated with progressively reduced risks of stroke, major

cardiovascular events, and cardiovascular as well as all-cause
mortalities [40]. In addition to BP improvement, the study
demonstrates the intervention’s ability to maintain sustained
engagement. However, the engagement rate dropped during the
last 4 weeks potentially because the participants whose BP had
improved through the program may have reduced their
engagement as they did not feel the urgent need. In this study,
the participant tasks remain consistent; however, participants
may find it useful if the requirements are adaptive based on
their health condition and preferences. It is worthwhile to design
a dynamic mechanism that can adjust the extent and frequency
of patient requirements based on the intervention progress. Both
the BP and engagement results are achieved with minimal
clinician intervention, primarily due to the autonomous nature
of the intervention, demonstrating the potential scalability of
this approach for hypertension management.

The observed BP improvement results from this study are
comparable to those from clinician-led hypertension
management programs [18-21]. The 3-month intervention
program presented in the study by Wilson-Anumudu et al [18]
combined lifestyle counseling with hypertension education,
guided home BP monitoring, and support for taking medications
and was led by either a registered nurse or certified diabetes
care and education specialist. Patients with stage-2 hypertension
who participated in this program experienced a 10.3 mm Hg
and 6.5 mm Hg reduction in SBP and DBP, respectively, after
3 months. In the study by Milani et al [20], the 3-month digital
intervention involved patients measuring their BP at least once
per week and corresponding with pharmacists and health
coaches to cocreate their treatment plan by choosing among
various lifestyle modifications (eg, reducing dietary sodium)
and medication options (eg, switching to generics or lower cost
options). Patients with stage-2 hypertension participating in this
program experienced a 14.0 mm Hg and 5.0 mm Hg reduction
in SBP and DBP, respectively, after 3 months. Both
interventions presented in the studies by Wilson-Anumudu et
al [18] and Milani et al [20] assigned participants a designated
hypertension coach who would provide lifestyle education and
recommendations. These previous studies [18,20] primarily
attribute their BP outcomes to the program’s support led by
health professionals who interpreted BP data and supported
lifestyle change. While health coach–based programs can
produce meaningful BP improvements, the reliance on health
coaches is highly time and resource intensive. Consequently,
these approaches have limited scalability and accessibility as
an individual health coach can only engage and care for a limited
number of patients at a time. In contrast, our results demonstrate
that a fully digital, AI-based lifestyle coaching program can
produce clinically meaningful BP improvements comparable
to those of programs led by health professionals. There is also
potential for our approach to be used in conjunction with health
coach–based programs. Under such a framework, our AI-based
interactions and learnings from the patients can extend the reach
of health coaches and provide them with more detailed insights
about lifestyle factors impacting patients.

Study Limitations and Future Directions
As this was a single-arm nonrandomized study, it was not
possible to conduct a causal analysis due to the lack of a control
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group. In addition, regression to the mean is another limitation
as participants with initially high BP values may naturally
converge toward the average over time. Therefore, to conduct
causal analysis and account for regression to the mean, a
randomized controlled trial may be conducted to draw stronger
conclusions in a future study. To gain additional insights into
the effectiveness of the program, we can randomize patients
into different treatment arms by providing different versions of
the program. This could include varying the frequency or content
of the lifestyle recommendations across the different treatment
arms. Furthermore, we could investigate which lifestyle
interventions, for example, increasing steps or improving sleep
hygiene, result in greater BP improvements. With careful design,
we can create a multiarm trial to investigate optimal engagement
strategies and recommendations for different types of patients.
Another limitation of this study is selection bias as the
participants self-selected to enroll after receiving the recruitment
flyer. To address this, we plan to recruit patients through PCP
referrals. PCPs will refer their patients with high cardiovascular
risk, who can benefit from our intervention. As previously
mentioned, we hypothesize that this will increase the take-up
rate due to increased trust from the more personal nature of the
referral [39]. In addition, there is a need for a longer follow-up
period as behavioral interventions can show improved outcomes
during the first 6 months and then recidivism during the next 6

months. Finally, we did not collect socioeconomic data (eg,
occupation, education, and income) from participants, preventing
an analysis of how socioeconomic status impacts the program
outcomes. In our future research, we will consider
socioeconomic factors when analyzing the impact of the
intervention. This analysis is imperative to ensure that the use
of digital technologies does not contribute to an increased digital
divide in health care and that all patients have equal access to
high-quality health care [41,42].

Conclusions
To address the challenges of poor patient engagement due to
generic, nonpersonalized lifestyle guidance and limited
scalability of care due to human coaching models, we propose
an AI-driven, autonomous, precise lifestyle coaching program
for patients with hypertension. Patients who enrolled in the
program experienced a significant improvement in BP. The
program maintained a high engagement rate with minimal
intervention from the care team. As the burden of hypertension
increases globally, the necessity to develop new strategies to
achieve hypertension control at scale is greater than ever. An
AI-based, autonomous approach to hypertension-related lifestyle
coaching can increase scalability and accessibility to effective
BP management, ultimately improving the cardiovascular health
of our community.

Acknowledgments
The research reported in this paper was supported by the Jacobs Family Endowed Chair fund for SD. The authors would like to
thank Brian Khan for his clinical guidance during the study. The authors would like to thank Melissa Gellman, Russell Shimada,
and Victoria Harris from the University of California, San Diego Health Population Health Services Organization for their support
during the study.

Data Availability
The data sets generated and analyzed during this study are not publicly available due to restrictions in the informed consent form.

Conflicts of Interest
JL, PHC, and SD are cofounders of CIPRA.ai Inc, a start-up company formed out of the University of California, San Diego,
which has licensed the intervention technology presented in this paper. PA reports no conflict of interest.

Multimedia Appendix 1
Histogram showing the number of recommendations adhered to based on their difficulty rating. The average difficulty rating for
recommendations that were followed was 1.97, indicating lower difficulty, whereas the average for those not followed was 3.67,
indicating higher difficulty.
[PNG File , 109 KB-Multimedia Appendix 1]

Multimedia Appendix 2
Participants’ responses to the study experience survey. This survey asked patients to rate the difficulty level of completing the
study tasks, how useful they found the recommendations, and their experience using the app.
[PNG File , 59 KB-Multimedia Appendix 2]

References

1. Fryar CD, Ostchega Y, Hales CM, Zhang G, Kruszon-Moran D. Hypertension prevalence and control among adults: United
States, 2015-2016. NCHS Data Brief. Oct 2017;(289):1-8. [FREE Full text] [Medline: 29155682]

2. Hypertension cascade: hypertension prevalence, treatment and control estimates among US adults aged 18 years and older
applying the criteria from the American College of Cardiology and American Heart Association’s 2017 hypertension

JMIR Cardio 2024 | vol. 8 | e51916 | p. 13https://cardio.jmir.org/2024/1/e51916
(page number not for citation purposes)

Leitner et alJMIR CARDIO

XSL•FO
RenderX

https://jmir.org/api/download?alt_name=cardio_v8i1e51916_app1.png&filename=bbb129cd18157b48aa44d51df1952821.png
https://jmir.org/api/download?alt_name=cardio_v8i1e51916_app1.png&filename=bbb129cd18157b48aa44d51df1952821.png
https://jmir.org/api/download?alt_name=cardio_v8i1e51916_app2.png&filename=8c799af17c214171b1dd99907eebcfed.png
https://jmir.org/api/download?alt_name=cardio_v8i1e51916_app2.png&filename=8c799af17c214171b1dd99907eebcfed.png
http://www.cdc.gov/nchs/data/databriefs/db289.pdf
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29155682&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


guideline- NHANES 2017–2020. Centers for Disease Control and Prevention. 2017. URL: https://millionhearts.hhs.gov/
data-reports/hypertension-prevalence.html [accessed 2023-05-12]

3. Lebeau J, Cadwallader J, Aubin-Auger I, Mercier A, Pasquet T, Rusch E, et al. The concept and definition of therapeutic
inertia in hypertension in primary care: a qualitative systematic review. BMC Fam Pract. Jul 02, 2014;15:130. [FREE Full
text] [doi: 10.1186/1471-2296-15-130] [Medline: 24989986]

4. Kirkland EB, Heincelman M, Bishu KG, Schumann SO, Schreiner A, Axon RN, et al. Trends in healthcare expenditures
among US adults with hypertension: national estimates, 2003-2014. J Am Heart Assoc. May 30, 2018;7(11):e008731.
[FREE Full text] [doi: 10.1161/JAHA.118.008731] [Medline: 29848493]

5. Whelton PK, Carey RM, Aronow WS, Casey DE, Collins KJ, Dennison HC, et al. 2017
ACC/AHA/AAPA/ABC/ACPM/AGS/APhA/ASH/ASPC/NMA/PCNA guideline for the prevention, detection, evaluation,
and management of high blood pressure in adults: executive summary: a report of the American College Of
Cardiology/American Heart Association Task Force on clinical practice guidelines. Hypertension. Jun 2018;71(6):1269-1324.
[doi: 10.1161/HYP.0000000000000066] [Medline: 29133354]

6. Blood Pressure Lowering Treatment Trialists' Collaboration. Pharmacological blood pressure lowering for primary and
secondary prevention of cardiovascular disease across different levels of blood pressure: an individual participant-level
data meta-analysis. Lancet. May 01, 2021;397(10285):1625-1636. [FREE Full text] [doi: 10.1016/S0140-6736(21)00590-0]
[Medline: 33933205]

7. Shimbo D, Artinian NT, Basile JN, Krakoff LR, Margolis KL, Rakotz MK, et al. American Heart Association and the
American Medical Association. Self-measured blood pressure monitoring at home: a joint policy statement from the
American Heart Association and American Medical Association. Circulation. Jul 28, 2020;142(4):e42-e63. [doi:
10.1161/CIR.0000000000000803] [Medline: 32567342]

8. Muntner P, Shimbo D, Carey RM, Charleston JB, Gaillard T, Misra S, et al. Measurement of blood pressure in humans: a
scientific statement from the American Heart Association. Hypertension. May 2019;73(5):e35-e66. [FREE Full text] [doi:
10.1161/HYP.0000000000000087] [Medline: 30827125]

9. Tucker KL, Sheppard JP, Stevens R, Bosworth HB, Bove A, Bray EP, et al. Self-monitoring of blood pressure in hypertension:
a systematic review and individual patient data meta-analysis. PLoS Med. Sep 2017;14(9):e1002389. [FREE Full text]
[doi: 10.1371/journal.pmed.1002389] [Medline: 28926573]

10. Uhlig K, Patel K, Ip S, Kitsios GD, Balk EM. Self-measured blood pressure monitoring in the management of hypertension:
a systematic review and meta-analysis. Ann Intern Med. Aug 06, 2013;159(3):185-194. [FREE Full text] [doi:
10.7326/0003-4819-159-3-201308060-00008] [Medline: 23922064]

11. Appel LJ, Champagne CM, Harsha DW, Cooper LS, Obarzanek E, Elmer PJ, et al. Writing Group of the PREMIER
Collaborative Research Group. Effects of comprehensive lifestyle modification on blood pressure control: main results of
the PREMIER clinical trial. JAMA. 2003;289(16):2083-2093. [doi: 10.1001/jama.289.16.2083] [Medline: 12709466]

12. Doughty KN, Del Pilar NX, Audette A, Katz DL. Lifestyle medicine and the management of cardiovascular disease. Curr
Cardiol Rep. Oct 04, 2017;19(11):116. [doi: 10.1007/s11886-017-0925-z] [Medline: 28980137]

13. Covassin N, Singh P. Sleep duration and cardiovascular disease risk: epidemiologic and experimental evidence. Sleep Med
Clin. Mar 2016;11(1):81-89. [FREE Full text] [doi: 10.1016/j.jsmc.2015.10.007] [Medline: 26972035]

14. Cornelissen VA, Smart NA. Exercise training for blood pressure: a systematic review and meta-analysis. J Am Heart Assoc.
Feb 01, 2013;2(1):e004473. [FREE Full text] [doi: 10.1161/JAHA.112.004473] [Medline: 23525435]

15. Eckel RH, Jakicic JM, Ard JD, de Jesus JM, Houston Miller N, Hubbard VS, et al. American College of Cardiology/American
Heart Association Task Force on Practice Guidelines. 2013 AHA/ACC guideline on lifestyle management to reduce
cardiovascular risk: a report of the American College of Cardiology/American Heart Association task force on practice
guidelines. Circulation. Jun 24, 2014;129(25 Suppl 2):S76-S99. [FREE Full text] [doi: 10.1161/01.cir.0000437740.48606.d1]
[Medline: 24222015]

16. Bakris G, Ali W, Parati G. ACC/AHA versus ESC/ESH on hypertension guidelines: JACC guideline comparison. J Am
Coll Cardiol. Jun 18, 2019;73(23):3018-3026. [FREE Full text] [doi: 10.1016/j.jacc.2019.03.507] [Medline: 31196460]

17. Bell RA, Kravitz RL. Physician counseling for hypertension: what do doctors really do? Patient Educ Couns. Jul
2008;72(1):115-121. [doi: 10.1016/j.pec.2008.01.021] [Medline: 18328663]

18. Wilson-Anumudu F, Quan R, Cerrada C, Juusola J, Castro Sweet C, Bradner Jasik C, et al. Pilot results of a digital
hypertension self-management program among adults with excess body weight: single-arm nonrandomized trial. JMIR
Form Res. Mar 30, 2022;6(3):e33057. [FREE Full text] [doi: 10.2196/33057] [Medline: 35353040]

19. Toro-Ramos T, Kim Y, Wood M, Rajda J, Niejadlik K, Honcz J, et al. Efficacy of a mobile hypertension prevention delivery
platform with human coaching. J Hum Hypertens. Dec 2017;31(12):795-800. [doi: 10.1038/jhh.2017.69] [Medline: 28972573]

20. Milani RV, Lavie CJ, Bober RM, Milani AR, Ventura HO. Improving hypertension control and patient engagement using
digital tools. Am J Med. Jan 2017;130(1):14-20. [doi: 10.1016/j.amjmed.2016.07.029] [Medline: 27591179]

21. Mao AY, Chen C, Magana C, Caballero Barajas K, Olayiwola JN. A mobile phone-based health coaching intervention for
weight loss and blood pressure reduction in a national payer population: a retrospective study. JMIR Mhealth Uhealth. Jun
08, 2017;5(6):e80. [FREE Full text] [doi: 10.2196/mhealth.7591] [Medline: 28596147]

JMIR Cardio 2024 | vol. 8 | e51916 | p. 14https://cardio.jmir.org/2024/1/e51916
(page number not for citation purposes)

Leitner et alJMIR CARDIO

XSL•FO
RenderX

https://millionhearts.hhs.gov/data-reports/hypertension-prevalence.html
https://millionhearts.hhs.gov/data-reports/hypertension-prevalence.html
https://bmcfampract.biomedcentral.com/articles/10.1186/1471-2296-15-130
https://bmcfampract.biomedcentral.com/articles/10.1186/1471-2296-15-130
http://dx.doi.org/10.1186/1471-2296-15-130
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24989986&dopt=Abstract
https://www.ahajournals.org/doi/10.1161/JAHA.118.008731?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1161/JAHA.118.008731
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29848493&dopt=Abstract
http://dx.doi.org/10.1161/HYP.0000000000000066
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29133354&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0140-6736(21)00590-0
http://dx.doi.org/10.1016/S0140-6736(21)00590-0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33933205&dopt=Abstract
http://dx.doi.org/10.1161/CIR.0000000000000803
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32567342&dopt=Abstract
https://www.ahajournals.org/doi/abs/10.1161/HYP.0000000000000087?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1161/HYP.0000000000000087
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30827125&dopt=Abstract
https://dx.plos.org/10.1371/journal.pmed.1002389
http://dx.doi.org/10.1371/journal.pmed.1002389
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28926573&dopt=Abstract
https://www.acpjournals.org/doi/abs/10.7326/0003-4819-159-3-201308060-00008?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.7326/0003-4819-159-3-201308060-00008
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23922064&dopt=Abstract
http://dx.doi.org/10.1001/jama.289.16.2083
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12709466&dopt=Abstract
http://dx.doi.org/10.1007/s11886-017-0925-z
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28980137&dopt=Abstract
https://europepmc.org/abstract/MED/26972035
http://dx.doi.org/10.1016/j.jsmc.2015.10.007
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26972035&dopt=Abstract
https://www.ahajournals.org/doi/10.1161/JAHA.112.004473?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1161/JAHA.112.004473
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23525435&dopt=Abstract
https://www.ahajournals.org/doi/abs/10.1161/01.cir.0000437740.48606.d1?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1161/01.cir.0000437740.48606.d1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24222015&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0735-1097(19)34887-9
http://dx.doi.org/10.1016/j.jacc.2019.03.507
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31196460&dopt=Abstract
http://dx.doi.org/10.1016/j.pec.2008.01.021
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18328663&dopt=Abstract
https://formative.jmir.org/2022/3/e33057/
http://dx.doi.org/10.2196/33057
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35353040&dopt=Abstract
http://dx.doi.org/10.1038/jhh.2017.69
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28972573&dopt=Abstract
http://dx.doi.org/10.1016/j.amjmed.2016.07.029
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27591179&dopt=Abstract
https://mhealth.jmir.org/2017/6/e80/
http://dx.doi.org/10.2196/mhealth.7591
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28596147&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


22. Branch OH, Rikhy M, Auster-Gussman LA, Lockwood KG, Graham SA. Relationships between blood pressure reduction,
weight loss, and engagement in a digital app-based hypertension care program: observational study. JMIR Form Res. Oct
27, 2022;6(10):e38215. [FREE Full text] [doi: 10.2196/38215] [Medline: 36301618]

23. Leitner J, Chiang P, Khan B, Dey S. An mHealth lifestyle intervention service for improving blood pressure using machine
learning and IoMTs. In: Proceedings of the 2022 IEEE International Conference on Digital Health. 2022. Presented at:
ICDH '22; July 10-16, 2022:142-150; Barcelona, Spain. URL: https://ieeexplore.ieee.org/document/9861082 [doi:
10.1109/icdh55609.2022.00030]

24. Monitoring your blood pressure at home. American Heart Association. URL: https://www.heart.org/en/health-topics/
high-blood-pressure/understanding-blood-pressure-readings/monitoring-your-blood-pressure-at-home [accessed 2024-04-05]

25. Siervo M, Lara J, Chowdhury S, Ashor A, Oggioni C, Mathers JC. Effects of the Dietary Approach to Stop Hypertension
(DASH) diet on cardiovascular risk factors: a systematic review and meta-analysis. Br J Nutr. Jan 14, 2015;113(1):1-15.
[doi: 10.1017/S0007114514003341] [Medline: 25430608]

26. Henriksen A, Haugen Mikalsen M, Woldaregay AZ, Muzny M, Hartvigsen G, Hopstock LA, et al. Using fitness trackers
and smartwatches to measure physical activity in research: analysis of consumer wrist-worn wearables. J Med Internet Res.
Mar 22, 2018;20(3):e110. [FREE Full text] [doi: 10.2196/jmir.9157] [Medline: 29567635]

27. Germini F, Noronha N, Borg Debono V, Abraham Philip B, Pete D, Navarro T, et al. Accuracy and acceptability of
wrist-wearable activity-tracking devices: systematic review of the literature. J Med Internet Res. Jan 21, 2022;24(1):e30791.
[FREE Full text] [doi: 10.2196/30791] [Medline: 35060915]

28. Miller DJ, Sargent C, Roach GD. A validation of six wearable devices for estimating sleep, heart rate and heart rate variability
in healthy adults. Sensors (Basel). Aug 22, 2022;22(16):6317. [FREE Full text] [doi: 10.3390/s22166317] [Medline:
36016077]

29. Yuenyongchaiwat K, Pipatsitipong D, Sangprasert P. Increasing walking steps daily can reduce blood pressure and diabetes
in overweight participants. Diabetol Int. Feb 2018;9(1):75-79. [FREE Full text] [doi: 10.1007/s13340-017-0333-z] [Medline:
30603352]

30. Lefferts EC, Saavedra JM, Song BK, Brellenthin AG, Pescatello LS, Lee D. Increasing lifestyle walking by 3000 steps per
day reduces blood pressure in sedentary older adults with hypertension: results from an e-health pilot study. J Cardiovasc
Dev Dis. Jul 27, 2023;10(8):317. [FREE Full text] [doi: 10.3390/jcdd10080317] [Medline: 37623330]

31. Bock JM, Vungarala S, Covassin N, Somers VK. Sleep duration and hypertension: epidemiological evidence and underlying
mechanisms. Am J Hypertens. Jan 05, 2022;35(1):3-11. [FREE Full text] [doi: 10.1093/ajh/hpab146] [Medline: 34536276]

32. Ali W, Gao G, Bakris GL. Improved sleep quality improves blood pressure control among patients with chronic kidney
disease: a pilot study. Am J Nephrol. 2020;51(3):249-254. [doi: 10.1159/000505895] [Medline: 31982868]

33. Ponte Márquez PH, Feliu-Soler A, Solé-Villa MJ, Matas-Pericas L, Filella-Agullo D, Ruiz-Herrerias M, et al. Benefits of
mindfulness meditation in reducing blood pressure and stress in patients with arterial hypertension. J Hum Hypertens. Mar
2019;33(3):237-247. [doi: 10.1038/s41371-018-0130-6] [Medline: 30425326]

34. Gupta DK, Lewis CE, Varady KA, Su YR, Madhur MS, Lackland DT, et al. Effect of dietary sodium on blood pressure:
a crossover trial. JAMA. Dec 19, 2023;330(23):2258-2266. [doi: 10.1001/jama.2023.23651] [Medline: 37950918]

35. He FJ, Tan M, Ma Y, MacGregor GA. Salt reduction to prevent hypertension and cardiovascular disease: JACC state-of-the-art
review. J Am Coll Cardiol. Feb 18, 2020;75(6):632-647. [FREE Full text] [doi: 10.1016/j.jacc.2019.11.055] [Medline:
32057379]

36. Alagappan R, Das S. Uncovering Twilio: insights into cloud communication services. University of Wisconsin System.
URL: https://pages.cs.wisc.edu/~ra/Twilio.pdf [accessed 2024-04-05]

37. Fogg BJ. Fogg behavior model. Behavior Design Lab. URL: https://behaviormodel.org [accessed 2024-04-05]
38. Franklin SS, Thijs L, Hansen TW, O'Brien E, Staessen JA. White-coat hypertension: new insights from recent studies.

Hypertension. Dec 2013;62(6):982-987. [doi: 10.1161/HYPERTENSIONAHA.113.01275] [Medline: 24041952]
39. Pfaff E, Lee A, Bradford R, Pae J, Potter C, Blue P, et al. Recruiting for a pragmatic trial using the electronic health record

and patient portal: successes and lessons learned. J Am Med Inform Assoc. Jan 01, 2019;26(1):44-49. [FREE Full text]
[doi: 10.1093/jamia/ocy138] [Medline: 30445631]

40. Bundy JD, Li C, Stuchlik P, Bu X, Kelly TN, Mills KT, et al. Systolic blood pressure reduction and risk of cardiovascular
disease and mortality: a systematic review and network meta-analysis. JAMA Cardiol. Jul 01, 2017;2(7):775-781. [FREE
Full text] [doi: 10.1001/jamacardio.2017.1421] [Medline: 28564682]

41. Ramsetty A, Adams C. Impact of the digital divide in the age of COVID-19. J Am Med Inform Assoc. Jul 01,
2020;27(7):1147-1148. [FREE Full text] [doi: 10.1093/jamia/ocaa078] [Medline: 32343813]

42. Rodriguez JA, Clark CR, Bates DW. Digital health equity as a necessity in the 21st century cures act era. JAMA. Jun 16,
2020;323(23):2381-2382. [doi: 10.1001/jama.2020.7858] [Medline: 32463421]

Abbreviations
AI: artificial intelligence
API: Application Programming Interface

JMIR Cardio 2024 | vol. 8 | e51916 | p. 15https://cardio.jmir.org/2024/1/e51916
(page number not for citation purposes)

Leitner et alJMIR CARDIO

XSL•FO
RenderX

https://formative.jmir.org/2022/10/e38215/
http://dx.doi.org/10.2196/38215
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36301618&dopt=Abstract
https://ieeexplore.ieee.org/document/9861082
http://dx.doi.org/10.1109/icdh55609.2022.00030
https://www.heart.org/en/health-topics/high-blood-pressure/understanding-blood-pressure-readings/monitoring-your-blood-pressure-at-home
https://www.heart.org/en/health-topics/high-blood-pressure/understanding-blood-pressure-readings/monitoring-your-blood-pressure-at-home
http://dx.doi.org/10.1017/S0007114514003341
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25430608&dopt=Abstract
https://www.jmir.org/2018/3/e110/
http://dx.doi.org/10.2196/jmir.9157
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29567635&dopt=Abstract
https://www.jmir.org/2022/1/e30791/
http://dx.doi.org/10.2196/30791
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35060915&dopt=Abstract
https://www.mdpi.com/resolver?pii=s22166317
http://dx.doi.org/10.3390/s22166317
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36016077&dopt=Abstract
https://europepmc.org/abstract/MED/30603352
http://dx.doi.org/10.1007/s13340-017-0333-z
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30603352&dopt=Abstract
https://www.mdpi.com/resolver?pii=jcdd10080317
http://dx.doi.org/10.3390/jcdd10080317
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37623330&dopt=Abstract
https://europepmc.org/abstract/MED/34536276
http://dx.doi.org/10.1093/ajh/hpab146
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34536276&dopt=Abstract
http://dx.doi.org/10.1159/000505895
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31982868&dopt=Abstract
http://dx.doi.org/10.1038/s41371-018-0130-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30425326&dopt=Abstract
http://dx.doi.org/10.1001/jama.2023.23651
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37950918&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0735-1097(19)38692-9
http://dx.doi.org/10.1016/j.jacc.2019.11.055
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32057379&dopt=Abstract
https://pages.cs.wisc.edu/~ra/Twilio.pdf
https://behaviormodel.org
http://dx.doi.org/10.1161/HYPERTENSIONAHA.113.01275
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24041952&dopt=Abstract
https://europepmc.org/abstract/MED/30445631
http://dx.doi.org/10.1093/jamia/ocy138
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30445631&dopt=Abstract
https://europepmc.org/abstract/MED/28564682
https://europepmc.org/abstract/MED/28564682
http://dx.doi.org/10.1001/jamacardio.2017.1421
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28564682&dopt=Abstract
https://europepmc.org/abstract/MED/32343813
http://dx.doi.org/10.1093/jamia/ocaa078
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32343813&dopt=Abstract
http://dx.doi.org/10.1001/jama.2020.7858
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32463421&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


BP: blood pressure
DBP: diastolic blood pressure
ML: machine learning
PCP: primary care physician
PHSO: Population Health Services Organization
SBP: systolic blood pressure
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