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BACKGROUND Atrial fibrillation (AF) is a common heart rhythm
disorder that elevates stroke risk. Stroke survivors undergo routine
heart rhythm monitoring for AF. Smartwatches are capable of AF
detection and potentially can replace traditional cardiac monitoring
in stroke patients.

OBJECTIVE The goal of Pulsewatch is to assess the accuracy, us-
ability, and adherence of a smartwatch-based AF detection system
in stroke patients.

METHODS The study will consist of two parts. Part I will have 6
focus groups with stroke patients, caretakers, and physicians, and
a Hack-a-thon, to inform development of the Pulsewatch system.
Part II is a randomized clinical trial with 2 phases designed to assess
the accuracy and usability in the first phase (14 days) and adherence
in the second phase (30 days). Participants will be randomized in a
3:1 ratio (intervention to control) for the first phase, and both arms
will receive gold-standard electrocardiographic (ECG) monitoring.
The intervention group additionally will receive a smartphone/
smartwatch dyad with the Pulsewatch applications. Upon comple-
tion of 14 days, participants will be re-randomized in a 1:1 ratio.
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The intervention group will receive the Pulsewatch system and a
handheld ECG device, while the control group will be passively moni-
tored. Participants will complete questionnaires at enrollment and
at 14- and 44-day follow-up visits to assess various psychosocial
measures and health behaviors.

RESULTS Part I was completed in August 2019. Enrollment for Part
II began September 2019, with expected completion by the end
of 2021.

CONCLUSION Pulsewatch aims to demonstrate that a smartwatch
can be accurate for real-time AF detection, and that older stroke pa-
tients will find the system usable and will adhere to monitoring.

KEYWORDS Atrial fibrillation; Commercial wearable device; Photo-
plethysmography; Stroke
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Introduction
Background
Atrial fibrillation (AF) is the world’s most common serious
heart rhythm problem, affecting more than 5 million Ameri-
cans.1–3 AF carries a 5-fold risk of stroke,4 a 2-fold risk of
heart failure,5 and a 50 % increased risk of dying. The excess
annual national cost of treating AF patients totals almost $26
billion, and much of this cost relates not only to its detection
but also to treatment of its secondary complications,6 many of
which are preventable if diagnosed early.7 AF is the single
greatest risk factor for stroke, thus making cardiac rhythm
monitoring especially critical for survivors of ischemic
strokes. Current American Stroke Association stroke man-
agement guidelines recommend: “For patients who have
experienced an acute ischemic stroke or TIA with no other
apparent cause, prolonged rhythm monitoring (w7 days)
for AF is reasonable” and recommended.8 This is because
AF is the primary cause of w15 % of all strokes.9,10 More-
over, patients with AF, if not treated with anticoagulation
therapies, tend to have larger strokes that lead to significant
disability.10 Approximately 200,000 cases of cryptogenic
stroke are identified in the United States annually, or 1 in 4
total stroke patients. Of these stroke patients, paroxysmal
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KEY FINDINGS

� Emerging evidence suggests that smartwatches may be
promising modalities for detection of atrial fibrillation,
but they are underexplored in older stroke patients.

� Findings from our study will be critical in identifying
ideal applications of these devices to maximize their
potential in health care settings.
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atrial fibrillation (pAF) is identified in 1 of 5 if long-term
postdischarge cardiac monitoring is used.11–13 However,
the timing and symptomology of AF can be highly
variable, especially early in the disease course, rendering
detection especially challenging. Unfortunately, traditional
in-hospital monitoring following stroke identifies AF in
only z5 % of cases, and longer-term monitoring, although
effective, is rarely used because it presently necessitates the
implantation of an expensive invasive device.2,3,7 Currently,
the monitoring option for the time between in-hospital and
longer-term monitoring is conventional rhythm monitoring
technologies, such as the 24-hour Holter monitor. However,
these technologies not only are too brief to detect many in-
stances of AF but also are burdensome to patients because
of the multiple wires that must remain continuously attached
to the body via skin-irritating electrodes.8 Approximately 1 in
4 patients with cryptogenic stroke have AF, and the median
time to first AF episode is approximately 30 days after moni-
toring onset.14 Therefore, monitoring periods must be at least
7 days in duration to obtain the highest diagnostic yield for
pAF.11 In fact, the findings of CRYSTAL-AF (Cryptogenic
Stroke and Underlying AF trial) suggest that longer-term
monitoring significantly improves pAF detection rates.15

Additionally, recent results from the STROKE-AF (Stroke
of Known Cause and Underlying Atrial Fibrillation) trial
demonstrate that long-term AF monitoring may be important
in all ischemic stroke survivors.16 Therefore, identifying less
burdensome and less invasive methods for longer-term pAF
screening in stroke populations remains crucial.

Smartphones and smartwatches are amainstay in the general
population and are increasingly commonplace in older popula-
tions. Approximately 74 % of Americans over the age of 65
years currently use mobile phones, and that proportion is
increasing. Furthermore, more than two-thirds of mobile
phones in use today can run smartphone apps.17 Although
smartphone use is increasingly common (10 % increase in the
last 3 years) among seniors,17 physical difficulties, skeptical at-
titudes, and difficulty learning new technologies are barriers in
this population. However, once older adults adopt new technol-
ogies, these tools often become integral to their lives.17,18

Recently, multiple commercially available wrist-worn
wearables have been cleared by the Food and Drug Adminis-
tration (FDA) for electrocardiogram (ECG)-based rhythm
monitoring and AF detection, including the AppleWatch (Cu-
pertino, CA), Samsung Galaxy Watch Active2 (Seoul, South
Korea) and Fitbit Sense (San Francisco, CA).19–21 It should
be noted that these ECG-based AF detection approaches do
not provide continuous monitoring, as subjects need to touch
the crown of a smartwatch sensor with a non-watch worn
finger. Photoplethysmography (PPG)-based AF monitoring
from smartwatches does provide continuous monitoring, but
this approach has not been approved by the FDA. Although
other large-scale studies, such as the Apple Heart Study and
Huawei Heart Study, have examined the accuracy of smart-
watches for AF detection, accuracy is not always assessed in
real time, and other important facets of use, such as adherence
or usability, have not been examined.22 The dearth of extant
research on the usability of smartwatches in the older adult
population illustrates a critical need because of specific chal-
lenges within this age group, including potential deficits in
vision, cognition, or fine motor skills.

Objectives
In this multiphase investigation, we first seek to develop our
Pulsewatch system (mobile device and smartwatch applica-
tions), with provider and patient input. Furthermore, we
aim to evaluate the accuracy of the Pulsewatch system for
pAF detection in survivors of stroke and/or transient
ischemic attack (TIA) compared to a gold-standard cardiac
monitoring device, and to assess its usability and accept-
ability. Finally, we will evaluate the rates of adherence and
participant-level factors associated with successful longer-
term use of the Pulsewatch system.
Methods
Study design
We are conducting a multiphase study. The first phase con-
sists of patient and provider focus groups, leading to a
Hack-a-thon to inform development of the Pulsewatch app
and system design. The second part is a randomized
controlled trial (RCT) that will assess the impact of the Pulse-
watch system on stroke/TIA survivors in various psychoso-
cial domains, the accuracy of our AF detection algorithm,
general usability of the system, and adherence to the Pulse-
watch system over time.

Study population
For Part I, the developmental phase of the study, patients will
be eligible to participate if they (1) are 50 years of age or older;
(2) have a history of stroke or TIA; (3) are presenting at the
UMass Memorial Medical Center (UMMMC) inpatient ser-
vice or ambulatory clinic (neurology and cardiovascular
clinics included); (4) are able to provide informed consent;
and (5) are willing to participate in a focus group and a
Hack-a-thon. For patient caregivers to be eligible to partici-
pate, they must (1) have a history caring for a family member
or loved one with the patient inclusion criteria listed in the last
five years; (2) are able to assent; and (3) are willing to partic-
ipate in a focus group and a Hack-a-thon. Patients and patient
caregivers will be excluded from participation if they (1) have
a serious physical illness (ie, unable to interact with a smart de-
vice or communicate verbally or via written text) that would
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interfere with study participation; (2) lack the capacity to sign
informed consent or give assent; (3) are unable to read and
write in the English language; (4) plan to move from the
area during the study period; and (5) are unwillingly to com-
plete all study procedures, including attending a focus group
and a Hack-a-thon.

For Part I, Aim 1, providers will be eligible to participate if
they (1) are a medical provider (eg, cardiology fellow or
neurology resident, attending cardiologist, attending neurol-
ogist, stroke or cardiology nurse practitioner) at UMMMC;
(2) have more than 3 years of experience providing care to
stroke or TIA patients; and (3) are willing to participate in
a focus group and a Hack-a-thon.

For Part II, patients will be eligible to participate if they (1)
are 50 years of age or older; (2) have a history of stroke or TIA;
(3) are presenting at the UMMMC inpatient service or ambu-
latory clinic (neurology and cardiovascular clinics included);
(4) are able to provide informed consent; and (5) are willing
and capable of using the Pulsewatch system (smartwatch
and smartphone app) daily for up to 44 days and are able to
return to UMMMC for up to 2 study visits. Patients will be
excluded from participation if they (1) have a major contrain-
dication to anticoagulation treatment (eg, major hemorrhagic
stroke); (2) have plans to move out of the area over the
44-day follow-up period; (3) are unable to read or speak the
English language; (4) are unable to provide informed consent;
(5) have a known allergy or hypersensitivity to medical-grade
hydrocolloid adhesives or hydrogel; (6) have a life-threatening
arrhythmia that requires in-patient monitoring for immediate
analysis; and (7) have an implantable pacemaker, as paced
beats interfere with the ECG reading.

Major contraindication to anticoagulation treatment is an
exclusion due to the goal of this study, which is to help pre-
vent secondary stroke, and anticoagulation is a mainstay
treatment for these patients. Therefore, if patients are unable
to receive anticoagulation treatment, they are not in the ideal
target population for this study.
Part I: Pulsewatch app development—Focus groups
Focus groups will be conducted to inform app development
and will include patients, patient caregivers, and physician
provider participants. Separate focus groups will be
convened for (1) patients and patient caregivers and (2) pro-
viders. Focus groups will last for approximately 60 minutes.
Qualitative data gathered at these focus groups will be
analyzed using thematic content analysis and will generate
aggregated preferences and recommendations about smart-
phone application message components, user interface, re-
porting, alerts, and watch functions. These analyses will
serve to finalize the Pulsewatch app design.

Patient focus groups will begin with a broad description of
the Pulsewatch system (including smartphone app and watch),
its purpose, and general functionality. Each participant will be
given a smartwatch and smartphone programmed with a rudi-
mentary prototype of the Pulsewatch app and will be asked to
use them during the focus group. In keeping with contempo-
rary user-centric app design processes,23,24 facilitators will
interact with participants as they use the smartwatch and
smartphone app. After users have had sufficient time to wear
the watch and interface with the app, we will invite them to
ask open-ended questions to explore elements such as the
layout of the various app screens; preferred graphical represen-
tations of heart rate and rhythm (eg, bar graph, slider, stoplight,
emojis); push notification alert prompts (including the appro-
priate number and timing of prompts delivered per day); and
opinions about personalized intervention messages (eg, “Mr.
Jones, you’ve not checked your heart rhythm”).

Provider focus groups also will begin with an opportunity to
interact with the Pulsewatch system prototype. Conversation
will focus on exploring the optimal format of rhythm data the
clinicians would like to engage with optimal duration and fre-
quency of patient use, and process considerations to best inte-
grate the smartwatch-generated alerts into clinical workflows.
Part I: Pulsewatch app development—Hack-a-thon
After conducting the focus groups, 4 patient participants and
4 health care provider participants from the focus groups will
be invited back to attend a “Hack-a-thon” along with the
computer programmers and engineers on the study team to
create the final Pulsewatch technology to be deployed in
Part II (clinical trial). Modeled on Hack-a-thons in the soft-
ware engineering industry, we will drive innovation by
creating team synergy and accelerating product development.

The purpose of the Hack-a-thon meeting is to optimize the
interactivity and usability of Pulsewatch, guided by informa-
tion gleaned from focus groups. Using this format, end-users
(providers and patients) can suggest changes, and program-
mers will make modifications in real time. Using a combina-
tion of focus groups and agile programming is an innovative
and sound approach to designing apps. This eventwill be a crit-
ical aspect for the clinical trial phase to help develop the inter-
face and functionality of the app for patients to use. At the
Hack-a-thon, participants will be asked to use the most recent
prototype of the Pulsewatch app and the system, and then pro-
vide feedback on what they think of the system. Programmers
will then make modifications to the application to reflect pa-
tient feedback.

This is a real-time, iterative process, and a near-complete
version of the Pulsewatch app will be developed upon
conclusion of the Hack-a-thon. After the event, the study
team will meet once again to review and encode final changes
to the application before deployment in Part II.
Part II: Trial phase—Accuracy and usability
The trial phase of the study will occur after the design and
development of the Pulsewatch system (app and watch algo-
rithms) is complete (Part I). For the first phase of Part II, par-
ticipants will be randomized to either the intervention or
control arm. An overview of the 14-day study protocol is
detailed in Figure 1.

At enrollment, all participants will be asked to complete a
standardized baseline questionnaire. After completion of the



Figure 1 Participant process of the trial phase. UMMMC 5 UMass Memorial Medical Center.
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questionnaire, participants will be randomized to either the
intervention or control arm in a 3:1 simple block randomiza-
tion scheme. We chose to assign a larger proportion of partic-
ipants to the intervention group because the primary analyses
are focused on the intervention group.

Participants randomized to the control group (n5 30) will
be given 2 gold-standard FDA-approved Cardiac Insight Car-
dea Solo cardiac patch monitors (Seattle, WA), the first of
which will be placed by study staff. Each patch will run for
7 days to capture heart rhythm data. This patch will allow par-
ticipants to go home with a continuous AFmonitoring method
without the need to carry around a bulky Holter device. Partic-
ipants will be asked to remove the first patch at the end of day 7
and replace it with the second patch and wear it for the next 7
days. Participants randomized to the intervention group
(n5 90) will be asked to use the same gold-standard Cardiac
Insight cardiac patch monitor device for 14 days. In addition,
intervention participants will be given a smartwatch (Samsung
Gear S3 or Galaxy Watch 3) and a Samsung smartphone that
will have our Pulsewatch study apps downloaded on them.
Research staff will conduct appropriate training with partici-
pants and any potential caretakers in the use of study devices.
After completion of the 14-day period, all participants will re-
turn for a follow-up visit at which they will be asked to



Figure 2 Participant process of the trial phase continued.
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complete another standardized questionnaire and return all of
their study devices. The patch monitors returned by partici-
pants at this study visit will be read by a study physician
blinded to randomization status. Abnormal findings on the
patchmonitor device in either the intervention or control group
will result in notification to the participant’s treating physician.

At the 14-day study visit, all participants once again will
be randomized for participation in the next part of the clinical
trial assessing smartwatch adherence over an additional 30
days. Randomization to either the intervention or control
arm at this stage will be done via a 1:1 permuted block
randomization scheme. Figure 2 details an overview of the
30-day protocol. Because the initial 14-day period is focused
on measuring accuracy, study staff will be monitoring adher-
ence in real time and calling participants to troubleshoot any
issues preventing daily watch wear in order to maximize data
collection. Thus, the adherence data obtained during this
period are not representative of true watch wear time. This
additional 30-day period allows for true assessment of adher-
ence to Pulsewatch system use as measured by watch wear
patterns and engagement with the app’s features, such as
symptom logging over a longer period.

Participants randomized to the control group at this stage
(n5 60) will not receive any devices over the Phase II 30-day
period. Participants randomized to the intervention group (n
5 60) will receive the Pulsewatch system (Samsung smart-
watch 1 Samsung smartphone with study apps), as well as
an FDA-cleared AliveCor KardiaMobile device (Mountain



Table 1 Pulsewatch system exposure by randomization status

Group
14-Day period
(accuracy/usability)

30-Day period
(adherence)

Days of
Pulsewatch
device exposure

1 Intervention Intervention 44
2 Control Intervention 30
3 Intervention Control 14
4 Control Control 0
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View, CA) to be used over a 30-day period. The purpose of
the AliveCor device in this 30-day period is to allow the par-
ticipants to verify their smartwatch pulse readings if they
wish, as they will not be wearing an ECG monitor. Upon
completion of this additional 30-day wear period, partici-
pants will complete a final study questionnaire. This second
randomization step will create 4 categories with regard to
duration of Pulsewatch system exposure as outlined in
Table 1.

Categorizing Pulsewatch exposure into 4 four distinct
groups allows for more nuanced analyses in examining dif-
ferences in various self-reported outcomes across the groups.
Table 2 Overview of which questionnaires are administered, which are

Measurement Questionnaire tool

Physical assessments
Vision 4 items
Hearing 3 items

Psychosocial measures
Cognitive impairment Montreal Cognitive Assessment (MoC
Social support Social Support Scale (5 items)

Lubben Social Network Scale (6 item
Depressive symptoms Patient Health Questionnaire (PHQ-9
Anxious symptoms General Anxiety Disorder (GAD-7) (7

Quality-of-life measures
Physical and mental health Health Survey SF-12 (12 items)
Patient activation Consumer Health Activation Index (C

items)
Disease management self-
efficacy

Chronic Disease Management Self-Ef
Manage Disease in General Scale (

Chronic Disease Management Self-Ef
Manage Symptoms Scale (5 items)

Medications
Medication adherence Adherence to Refills and Medication

(12 items)
Health-related behavior
Social history Smoking and alcohol use

Other
Interaction with provider Perceived Efficacy in Patient–Physici

Interactions (PEPPI)
Technology use Device ownership/Internet access
Usability assessment System Usability Scale (SUS) (10 ite

investigator-generated questions
App usability assessment Mobile Application Rating Scale (MA

Classification (11 items)
Demographics Social economic status, employment

ethnicity questions
Part II: Self-reported measures
At enrollment and at the 14-day and 44-day follow-up study
visits, all Part II participants will complete a questionnaire
that includes standardized scales to assess various psychoso-
cial measures and health behaviors. Contents and administra-
tion schedule of the questionnaires are outlined in Table 2.
An overview of the questionnaire instruments also is outlined
in Table 2.

The domains listed in Table 2 will be assessed via the
following items:

Anxiety: Anxiety will be assessed using the Generalized
Anxiety Disorder-7 scale (GAD-7),25 a revised version of
the anxiety module from the Patient Health Questionnaire,
which consists of Diagnostic and Statistical Manual of
Mental Disorders (Fourth Edition) (DSM-IV) criteria for
generalized anxiety disorder over the past 2 weeks.26 The
GAD-7 score ranges from 0 to 27, with scores of 5, 10, and
15 representing validated cutpoints for mild, moderate, and
severe levels of anxiety symptoms, respectively. A score
�10 has high sensitivity (0.89) and specificity (0.82) for
psychiatric diagnosed anxiety disorder and correlates signif-
icantly with health-related quality of life.25
outcomes, and when they are administered

Baseline
assessment
(all Part II)

14-Day
follow-up
assessment
(control)

14-Day
follow-up
assessment
(intervention)

44-Day
follow-up
assessment
(all Part II)

U
U

A) (30 items) U
U

s) U
) (9 items) U
items) U U U U

U U U U
HAI) (10 U U U U

ficacy Scales:
5 items)

U U U

ficacy Scales: U U U

Scale (ARMS) U U U

U

an U

U
ms), U

RS) App U

, race, and U



Table 3 Characteristics of 17 Part I participants

Age (y) 68.8 6 7.9
Female sex 5 (29)
Race
White 15 (88)
Hispanic or Latino 1 (6)

CHA2DS2-VASc score 4.2 6 1.3
Body mass index (kg/m2) 29.2 6 5.2
Medical characteristics
Atrial fibrillation 4 (24)
Hypertension 13 (76)
Diabetes mellitus 1 (6)
Prior myocardial infarction 1 (6)
Congestive heart failure 2 (12)
Stroke 14 (82)
Transient ischemic attack 3 (18)

Values are given as mean 6 SD or n (%).
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Physical and Mental Health: The SF-12 is a short-form
health survey to assess health-related quality of life. This vali-
dated instrument’s domains include general health–related
questions and mental health–related questions.27 Scores range
from 0 to 100, with higher scores indicating higher levels of
health-related quality of life.

Patient Activation: Patient activation refers to a patient’s
ability and willingness to manage his or her health. The Con-
sumer Health Activation Index (CHAI) is a 10-item scale that
assesses patient activation. Scores range from 10 to 60, which
are then transformed via a linear transformation to a scale
from 0 to 100, with a higher score associated with fewer
depressive and anxiety symptoms, as well as greater physical
functioning.28

Cognitive Function: The Montreal Cognitive Assess-
ment Battery (MoCA) is a 10-minute, 30-item screening
tool designed to assist physicians in detecting mild cognitive
impairment.29 MoCA correlates well (0.89) with the widely
used Mini Mental State Exam,30 but it outperforms it in the
detection of mild cognitive impairment.29,31 The MoCA
score can be used to examine a magnitude of change over
time and offers validated, education-adjusted cutpoints for
mild and moderate cognitive impairment.

Social Support: We will use a 5-item modified Social
Support Scale and the 6-item Lubben Social Network
Scale.32,33 Together, these measures assess the breadth (eg,
help with activities) and depth (eg, network size) of the
participant’s social support.

Depressive Symptoms:We will use the 9-item version of
the Patient Health Questionnaire (PHQ),26 which can yield
both a provisional diagnosis of depression and a severity score
that is associated with functional status, disability days, and
health care utilization.34 The PHQ-9 consists of the 9 criteria
upon which DSM-IV depressive disorders are based. Using
a cutpoint. 10 (range 0–27), the PHQ-9 has high sensitivity
(0.88) and specificity (0.88) for detecting major depression
among patients with cardiovascular disease.35,36
Vision and Hearing: Participants will be asked questions
regarding their vision and hearing based on a 4-point Likert
scale.

Disease Management Self-Efficacy: Self-efficacy for
disease management is associated with engagement in health
behaviors and improved medication adherence.37,38 The
General Disease Management scale is a 5-item scale assess-
ing confidence in disease self-management (scores 0–50;
high scores 5 greater confidence). The Symptom Manage-
ment Scale is a 5-item scale assessing confidence in manag-
ing chronic disease symptoms.

Medication Adherence: Medication adherence will be
measured with the 12-item Adherence to Refills and Medica-
tions Scale (ARMS), a well-validated measure of patient-
reported adherence.39 ARMS scores range from 1 to 4 (higher
scores 5 poorer adherence).

Social History: Social and behavioral factors such as
smoking and alcohol use are related to strokes and cardiovas-
cular conditions. Given that the goal of this study is to pre-
vent recurring strokes in this patient population, we believe
it is necessary to obtain this information from participants.

App Usability: We will be using the Mobile Application
Rating Scale (MARS) App Classification (11 items) to help
us capture the participants’ experience with the Pulsewatch
applications.

Ethical approval and trial registration
Formal ethical approval for this study was obtained from the
University of Massachusetts Medical School Institutional
Review Board (IRB) (Approval Number H00016067). Writ-
ten informed consent will be collected from all patient partic-
ipants in Part I and from all participants in Part II. A verbal
assent will be taken from caregivers and providers enrolled
in Part I. This study is registered on Clinicaltrials.gov Identi-
fier NCT03761394.

COVID-19 adaptations
Due to the unprecedented challenges posed by coronavirus
disease 2019 (COVID-19) with regard to in-person human
subjects research, we have adapted the protocol to allow
for all study encounters to occur over the phone. The consent
form was adapted for telephone and approved by the IRB,
and eligible participants are called via their contact informa-
tion in the electronic health record and consented. All study
devices, instructions, and compensation will be sent through
mail to participants, and, upon receipt via package tracking
services, research staff will call participants to conduct the
baseline interview, offer device training, and guide the partic-
ipants through placing of the ECG patch. An abbreviated,
validated version of the MoCA will be conducted over the
telephone (T-MoCA), omitting items that require engaging
with visual elements; all other questionnaire components
remain the same as an in-person visit. This protocol was initi-
ated in July 2020, and all participants who are approached

http://Clinicaltrials.gov


Figure 3 Key Pulsewatch smartphone and smartwatch app screens. AF 5 atrial fibrillation; HR 5 heart rate.
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over the phone are also offered the option to participate in-
person per the original study protocol if they prefer.
Statistical analysis
AF detection
We will examine the system’s accuracy for AF identification
as well as estimate AF burden. A participant will be classified
as having AF or not at the end of the 14-day monitoring
period based on the gold-standard monitor. The smartwatch
conducts pulse checks in the following manner: 5 minutes
of continuous PPG monitoring, and, if no AF is detected,
there is no monitoring for the next 5 minutes. If AF is de-
tected, the smartwatch monitors continuously. Pulse-
derived heart rhythm data from the Pulsewatch system are
divided into 30-second segments for analysis, and a positive
reading will be defined as AF being detected in at least 7 of 10
continuous data windows (5 minutes). The total number of
positive readings collected over 14 days from Pulsewatch
will be used as the independent variable in a logistic regres-
sion to predict the binary outcome of AF as determined by the
gold-standard monitor (yes vs no). The area under the
receiver operating characteristic (ROC) curve (AUC) will
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be calculated based on the results of the logistic regression to
evaluate Pulsewatch performance for AF screening. From the
ROC curve, we can identify the cutoff point of total number
of positive readings that produces the highest sensitivity and
specificity combination.

Similar analysis will be conducted using the percentage of
positive readings among all readings collected from each
participant as the independent variable. The 95 % confidence
interval (CI) of the AUC will be calculated using the formula
given by Hanley and McNeil.40 We will then conduct explor-
atory analyses to examine whether characteristics affect watch
performance over 14 days. For example, we will compare the
area under 2 independent ROC curves of female vs male par-
ticipants (or vision impaired vs not) using the c2 test.
Usability analysis
We also will examine whether participant characteristics (eg,
demographics, level of technology use, cognitive impair-
ment, etc) affect usability of and adherence to the Pulsewatch
system. Usability will be assessed by the System Usability
Scale (SUS), a validated instrument for perceived system us-
ability. Investigator-generated questions will have responses
in a 5-point Likert-like scale, and ordinal regression will be
used to evaluate participant characteristics that may be asso-
ciated with more favorable responses regarding usability of
the Pulsewatch system. The SUS score ranges between 10
and 100, and linear regression will be used to examine the
participant-level factors that are associated with higher SUS
scores. Logistic regression also will be used to examine
whether certain participant factors are associated with having
a SUS score .68, the acceptable cutoff being deemed as a
highly usable system.
Adherence analysis
Adherence will be operationalized to determine whether
pulse recordings were present on each day over the 30-day
adherence monitoring period after the second randomization.
We will examine whether participant characteristics (eg, sex,
cognitive impairment, or stroke-related quality of life) affect
the likelihood of adherence over the 1-month study period.
We will use a mixed effects logistic regression model,
including the participant as the random effect to capture the
correlation among repeated measures from the same partici-
pant, using participant characteristics as the fixed effects,
and using a binary indicator of daily adherence as the depen-
dent variable. Additionally, we will conduct secondary ana-
lyses by dichotomizing adherence into high vs low based
on the number of days the smartwatch was worn depending
on our observed distribution and examine participant-level
factors that predict adherence to the Pulsewatch system.
We also will examine the adherence time-trend by including
time (day) as a fixed effect in the model and participant as a
random effect to estimate the slope of adherence over time.
To examine whether the time trend varies by participant char-
acteristics, we will include the interaction between character-
istics and time in the model so that the slope of adherence
over time can be estimated for each category of participant
characteristic variables and be compared among the cate-
gories (eg, AF diagnosed vs no AF). We also will conduct
secondary analyses using the number of hours worn (total
hours and daily) as an outcome. Group-based trajectory
modeling will be used to examine potentially nuanced pat-
terns of watch wear over time, and mixed effects linear re-
gressions will be used to explore associations between any
participant characteristics and daily watch wear, using pa-
tients as a random effect to account for correlation between
repeated measures.

Study power
Preliminary data suggest that Pulsewatch will have sensi-
tivity, specificity, and AUC of at least .9 to detect pAF.41

We calculate the width of 95 % CI for AUC that ranges
from .90 to .95 using the proposed sample size of 90 and
an estimated rate of 20 % patients with pAF. The width of
the 95 % CI ranges from .14 to .20. Therefore, the proposed
sample size will give a precise estimate of Pulsewatch perfor-
mance relative to the gold standard.
Results
Part I (app development) was completed in August 2019. In
total, we had 6 patient focus groups that enrolled 17 stroke/
TIA survivors and 4 informal caregivers. Table 3 outlines
the characteristics of the 17 patient participants.

After completing these focus groups, we generated quali-
tative data analyses of the focus groups’ aggregated prefer-
ences and recommendations about the interface and
functions of the smartphone and smartwatch applications.

We also conducted 2 health care provider focus groups,
one with 20 UMMMC Cardiology faculty members and
one with 10 UMMMC Neurology faculty members. We soli-
cited feedback on the use of smartwatches in various clinical
settings, including arrhythmia detection.

On May 31, 2019, we invited 4 stroke/TIA survivors (age
64 6 2.8 years; 50 % female), 4 providers (1 cardiologist, 1
electrophysiologist, 2 stroke neurologists), and our engineer-
ing team to work together at the Hack-a-thon to refine the
user interface, design, and functions of the smartphone and
smartwatch app. Key screens from the smartphone applica-
tion and smartwatch application deployed in the clinical trial
are shown in Figure 3.

Part II, the RCT portion of the study, began on September
3, 2019. To date, we have enrolled 84 stroke/TIA survivors
into our trial. Enrollment was halted in spring 2020 due to
COVID-19 and resumed in summer 2020. Recruitment is
anticipated to be completed by September 2021. We expect
study results to be available by the end of 2021.
Discussion
This protocol paper describes a multiphase investigation to
assess the accuracy, usability, and adherence of a smartwatch
application to detect AF in stroke and TIA survivors. The first
phase of Pulsewatch describes how we developed our user-
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centered system. The second phase consists of an RCT de-
signed to measure the Pulsewatch system’s accuracy in AF
detection, as well as various user-reported outcomes and
health behaviors.

Currently, mobile health (mHealth) apps are not designed
for maximal acceptability across diverse populations, much
less for older patients who tend to be slow adopters of tech-
nologies, and mHealth interventions rarely effectively apply
health behavior theory.42 Pulsewatch development identified
app design features that resonate with the elderly, a popula-
tion that has an enormous need for effective mHealth inter-
ventions. More specifically, there is a great need for
mHealth interventions geared toward poststroke patients,
particularly interventions that have incorporated end-user
input. Outpatient rhythm monitoring is critical to averting
recurrent strokes, heart failure, and death, but current tech-
nologies have severe methodological shortcomings that
result in low adherence and high cost, impeding long-term
monitoring. Although the Pulsewatch system is not intended
to replace implantable loop recorders (ILRs), the gold stan-
dard for long-term AF monitoring, it instead may act as a
bridge from poststroke AF monitoring to potential implanta-
tion of an ILR for best suited patients. In addition, the Pulse-
watch system would be able to offer at least some form of AF
monitoring to those patients experiencing barriers to ILR use.
Acceptable and accurate technologies for pAF monitoring
are needed.43 Forty-five percent of stroke treatment costs
are incurred from acute care and monitoring.7 Pulsewatch of-
fers a lower-cost monitor that would accelerate the diagnosis
and treatment of pAF in elderly stroke patients, preventing
further strokes and thus decreasing the overall cost of treating
stroke. The aggregate national cost of stroke care is $26
billion annually.44 If Pulsewatch were used by the
w200,000 adults in the United States who suffer a crypto-
genic stroke to extend monitoring to 1 month (from the
typical 7 days), we estimate this would result in w10,000
fewer strokes annually, at a cost savings of w$20 million
in care.6,7 Pulsewatch’s innovative approach to cardiac moni-
toring is patient-centric and noninvasive. By incorporating
features that enhance its accuracy and acceptability among
older patients, Pulsewatch will extend the time horizon
over which stroke patients can be monitored for pAF, result-
ing in faster interventions that lead to better outcomes and
increased independence in a high-risk population.
Study limitations
The relative homogeneity of the patients enrolled in Part I
(app design) with respect to race/ethnicity potentially
limited our design process due to a lack of diverse input
and perspectives; thus, the system would have to be eval-
uated by a more diverse set of patients in future studies.
Another limitation is that 30 days for adherence moni-
toring might not be long enough to see nuanced patterns
in adherence to our system, especially in the event that
we observe high rates of adherence across all users within
this time frame. It is imperative for future studies to recruit
from larger, more diverse populations to ensure equitable
representation of perspectives in app design, and to poten-
tially extend duration monitoring depending on the results
of the current study.
Conclusion
We have described a protocol that uses the input of our tar-
geted patient population to build a digital health system to
alleviate the patient burden and high cost of poststroke care
and monitoring. Furthermore, our protocol describes how
to assess the accuracy, usability, and adherence of an AF
monitoring system within the poststroke population.
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