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Validation of a Deep Learning Algorithm for 
Continuous, Real-Time Detection of Atrial 
Fibrillation Using a Wrist-Worn Device in an 
Ambulatory Environment
Ming-Zher Poh , PhD*; Anthony J. Battisti , PhD; Li-Fang Cheng , PhD; Janice Lin , PhD; 
Anil Patwardhan , PhD; Ganesh S. Venkataraman , MD; Charles A. Athill , MD; Nimesh S. Patel , MD; 
Chinmay P. Patel , MD; Christian E. Machado , MD; Jeffrey T. Ellis , PhD; Lori A. Crosson , PhD; 
Yuriko Tamura , MS; R. Scooter Plowman , MD, MBA, MHSA, MSc; Mintu P. Turakhia , MD, MS;  
Hamid Ghanbari , MD, MPH

BACKGROUND: Wearable devices may be useful for identification, quantification and characterization, and management of 
atrial fibrillation (AF). To date, consumer wrist-worn devices for AF detection using photoplethysmography-based algorithms 
perform only periodic checks when the user is stationary and are US Food and Drug Administration cleared for prediagnostic 
uses without intended use for clinical decision-making. There is an unmet need for medical-grade diagnostic wrist-worn 
devices that provide long-term, continuous AF monitoring.

METHODS AND RESULTS: We evaluated the performance of a wrist-worn device with lead-I ECG and continuous 
photoplethysmography (Verily Study Watch) and photoplethysmography-based convolutional neural network for AF detection 
and burden estimation in a prospective multicenter study that enrolled 117 patients with paroxysmal AF. A 14-day continuous 
ECG monitor (Zio XT) served as the reference device to evaluate algorithm sensitivity and specificity for detection of AF in 
15-minute intervals. A total of 91 857 intervals were contributed by 111 subjects with evaluable reference and test data (18.3 h/d 
median watch wear time). The watch was 96.1% sensitive (95% CI, 92.7%–98.0%) and 98.1% specific (95% CI, 97.2%–99.1%) 
for interval-level AF detection. Photoplethysmography-derived AF burden estimation was highly correlated with the reference 
device burden (R2=0.986) with a mean difference of 0.8% (95% limits of agreement, −6.6% to 8.2%).

CONCLUSIONS: Continuous monitoring using a photoplethysmography-based convolutional neural network incorporated in 
a wrist-worn device has clinical-grade performance for AF detection and burden estimation. These findings suggest that 
monitoring can be performed with wrist-worn wearables for diagnosis and clinical management of AF.

REGISTRATION INFORMATION: URL: https://www.clini​caltr​ials.gov; Unique identifier: NCT04546763.
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Wearable device detection of atrial fibrillation 
(AF) episodes and AF burden may be use-
ful for identification of undiagnosed AF and in 

making clinical management decisions that include 
oral anticoagulation, restoration and maintenance of 
sinus rhythm, control of ventricular rate, and risk factor 
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modification. Treatment of AF is associated with im-
provements of quality of life, stroke prevention, and re-
duced risk of heart failure.1

Ambulatory ECG monitoring is commonly used 
to manage patients with AF. However, the intermit-
tent nature of AF can lead to low detection rates and 

inaccurate estimation of AF burden when using short-
term noninvasive monitoring modalities.2,3 Implantable 
monitoring devices can increase the diagnostic yield 
by increasing the monitoring period; however, they 
are costly and require invasive procedures.4 Several 
consumer wrist-worn devices have been cleared by 
the US Food and Drug Administration (FDA) for detec-
tion of AF based on photoplethysmography.5,6 These 
devices are cleared as over-the-counter devices but 
only check for AF periodically when the user is still 
and do not provide real-time prompts for ECG cap-
ture that is clinically important for management of pa-
tients with AF. There is an unmet clinical need for a 
physician-prescribed, FDA-cleared wearable device 
that can continuously monitor and detect episodes of 
AF in real-time, notify patients to record an ECG when 
AF is suspected, and accurately assess the burden of 
AF for clinical use.

The Study Watch is a prescription-only, medical-
grade wrist-worn device that is cleared by the FDA for 
2 functions: (1) recording single-channel ECGs that 
are event- or symptom-triggered for event-recording 
capability; and (2) continuous monitoring of AF using 
a photoplethysmography-based algorithm in profes-
sional health care facility environments. The purpose 
of this study was to validate the performance of a new 
photoplethysmography-based algorithm on the Study 
Watch for detection of AF and assessment of AF bur-
den against a reference patch ECG monitoring device 
in a diverse population of patients in an ambulatory en-
vironment during a 14-day monitoring period.

METHODS
Study Design
We conducted a multicenter, prospective study to 
evaluate the performance of the Study Watch and 
its photoplethysmography algorithm in detecting ir-
regular rhythms suggestive of AF in subjects at risk 
for AF events in an ambulatory environment. Patients 
wore the Study Watch wrist-worn monitor (Verily Life 
Sciences LLC, South San Francisco, CA) along with 
a continuous ECG monitoring device (Zio XT, iRhythm 
Technologies, Inc., San Francisco, CA) for 14 days, 
hereafter referred to as the reference patch ECG.

The Study Watch is a wrist-worn wearable device 
capable of user-initiated single-lead (lead I) ECG ac-
quisition for symptom- or event-triggered recording. 
The Study Watch also measures physiological pa-
rameters using a variety of sensors including pho-
toplethysmography and accelerometer. It also includes 
electrodes that enable single-lead ECG acquisition. 
This design provides the ability to supplement ECG 
event-recording capability to continuously monitor for 
suspected AF events via the photoplethysmography 

CLINICAL PERSPECTIVE

What Is New?
•	 The study demonstrates performance of 

a prescription wrist-worn lead-I ECG and 
continuous photoplethysmography device 
for continuous monitoring coupled with a 
photoplethysmography-based algorithm in 
detection of atrial fibrillation (AF) episodes and 
estimation of AF burden.

•	 Unlike consumer-facing wrist-worn devices, which 
are US Food and Drug Administration cleared 
for prediagnostic purposes and not intended for 
clinical decision making, the findings of this study 
suggest that a wrist-worn device can support di-
agnosis and clinical management of AF.

•	 This can be achieved through continuous, 
nonperiodic ambulatory monitoring performed 
in conjunction with event- or symptom-based 
ECG recording.

What Are the Clinical Implications?
•	 The prescription Study Watch bridges the gap 

between long-term continuous ECG monitoring 
and the consumer space with a practical 
solution for AF detection, burden assessment, 
and on-demand lead-I ECG acquisition based 
on irregular rhythm notification or other patient-
activated reasons.

•	 This device may complement existing modali-
ties by enabling AF monitoring over extended 
durations not currently possible with available 
noninvasive technologies.

•	 The Study Watch could be implemented in clini-
cal practice for both ECG event recording and 
continuous AF monitoring. It can aid in screen-
ing, diagnosis, burden assessment, medication 
optimization, and characterization of episodes 
in patients with AF.

Nonstandard Abbreviations and Acronyms

CCT	 certified cardiographic technician
FDA	 US Food and Drug Administration
FP	 false positive
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sensor and to notify patients in real-time to acquire an 
ECG for subsequent clinical confirmation of AF. The 
Study Watch has been used in multiple clinical stud-
ies such as the Project Baseline Health Study, which 
included >2500 patients. It has been shown to reliably 
record continuous data with no reported major clinical 
adverse events related to the use of the device.7

Watch Photoplethysmography Algorithm 
Development
An on-watch algorithm was developed using deep 
convolutional neural networks trained to classify 
15-minute photoplethysmography intervals into 4 cat-
egories (suspected AF, suspected non-AF, unanalyz-
able, and not enough data/off-wrist) and incorporated 
into the device firmware. The algorithm was trained 
using simulated photoplethysmography data derived 
from single-lead ECGs annotated by certified cardio-
graphic technicians (CCTs). Suspected AF events de-
tected by photoplethysmography in real-time generate 
irregular pulse notifications on the watch screen along 
with watch vibrations, prompting the user to acquire a 
single-lead ECG using the Study Watch.

The algorithm for estimation of AF burden uses a 
residual neural network trained using the same dataset 
as described for the on-watch algorithm but is run on 
server-side using encoded photoplethysmography sig-
nal features transferred from the watch. This approach 
allows for a more complex model to be used. Further 
details regarding model architecture and algorithm de-
velopment are described in Data S1.

Eligibility Criteria
The study included adult participants (age ≥22 years) 
from 5 centers across the United States with a his-
tory of paroxysmal AF meeting 1 of the following cri-
teria: planned AF ablation procedure, documented 
AF burden ≥25% in the last 3 months documented by 
implantable loop recorder, implantable cardioverter 
defibrillator, permanent pacemaker, Holter monitor, or 
adhesive monitoring patch results, CHA2DS2VASc ≥3, 
or left atrial diameter ≥4.4 cm. We excluded patients 
with implantable neurostimulators, cardiac implantable 
device in an atrial or ventricular paced rhythm docu-
mented on a 12-lead ECG during the initial study visit, 
or those patients successfully treated with antiarrhyth-
mic medications or AF ablation with no documented 
AF of >30 seconds since the ablation or initiation of 
medications. Patients with known severe allergy to 
nickel, metal jewelry, adhesives, hydrogels, family his-
tory of adhesive skin allergies, open injury or rash at 
the device sites were also excluded. Subjects meet-
ing eligibility criteria were required to provide informed 
consent.

Study Procedures
Participants were provided the Study Watch and refer-
ence patch ECG, which were worn together for the en-
tire duration of the 2-week ambulatory monitoring. The 
Study Watch was worn daily, including during sleep, ex-
cept during showering, bathing, and water activities. It 
continuously recorded photoplethysmography signals 
from participants during the study period. The Study 
Watch was equipped with an investigational firmware 
that was designed to deliver notifications asking the 
user to take an ECG if an irregular rhythm suggestive 
of AF was detected (irregular pulse notifications). The 
notifications consisted of a series of vibration pulses 
on the watch lasting for 1 minute, in conjunction with 
the message “Please Take ECG” on the Study Watch 
screen. Participants were also asked to acquire once-
daily ECG when no symptoms or notifications were 
present and could acquire additional ECGs for any 
symptomatic episodes.

At the completion of the 14-day wear period, the 
Study Watch and reference patch ECG were removed. 
Subjects completed a follow-up study visit between 14 
and 20 days following enrollment to return the study 
devices and document changes in medical history, 
medication use, or vital signs. Institutional Review 
Board (IRB) approvals were obtained at all participating 
clinical sites and all subjects were asked to provide in-
formed consent. The reviewing IRBs included Western 
IRB (Puyallup, WA), University of Texas Southwestern 
Medical Center IRB (Dallas, TX), and University of 
Pittsburgh Medical Center Pinnacle IRB (Harrisburg, 
PA).

Study Visits and Data Collection
Demographics, relevant medical history information, 
medication use, and vital signs were documented 
at baseline using an electronic data capture system. 
Additionally, the subjects’ skin tone and arm hair were 
assessed using the Fitzpatrick Skin Scale8 and Arm 
Hair Index.9 Following enrollment in the clinic, subjects 
were provided instructions for optimally taking ECGs 
with the Study Watch throughout the study period. 
An automated cellular-enabled network access point, 
which also functioned as a charging device for the 
watch, was provided to each subject for uploading de-
vice data to the cloud server. Reference patch ECG 
monitors were also provided to each enrolled subject 
along with instructions for wearing the patch.

Statistical Analysis
The analysis population included subjects enrolled in 
the study who completed some portion of the 2-week 
follow-up period in whom at least 1 evaluable interval 
by the reference device was obtained. Subjects were 
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excluded from analyses if no evaluable reference in-
tervals were obtained during the entire observation 
period.

The clinical outcome of interest was suspected AF 
occurring within distinct contiguous 15-minute time in-
tervals. We used a 15-minute time interval to strike a 
balance between specificity and sensitivity. This ap-
proach minimizes false positives (FPs), because the 
watch is designed to be integrated into a process that 
includes human expert review, further reducing FPs 
and the likelihood of missed diagnoses. The 15-minute 
interval also enables timely AF episode detection and 
prompts the user to obtain an on-demand ECG for AF 
confirmation, which may not be feasible with longer 
time intervals. This optimized strategy can effectively 
identify clinically significant AF episodes, accurately 
estimate AF burden, and better delineate between AF 
and non-AF rhythms. It can also reduce the burden on 
health care professionals within the target population. 
For each subject, multiple intervals were available for 
analysis and were treated as repeated measurements. 
For each interval, the reference patch ECG identified 
whether AF was present (positive classification) or 
not present (negative classification) and this was con-
sidered ground-truth reference data for calculating 
accuracy statistics. Similarly, the test device labeled 
intervals as positive or negative.

Sensitivity and specificity for detection of AF epi-
sodes during a 15-minute interval served as co-primary 
end points and were based on the subset of intervals 
receiving positive and negative classification from both 
the reference and test devices (ie, either AF or non-AF). 
For the primary end point, we only included the inter-
vals that were determined as analyzable. Intervals were 
excluded from the primary analysis if they were deter-
mined by the device to be unanalyzable or if the in-
tervals were collected off-wrist, resulting in insufficient 
data. End points were evaluated based on tests of sen-
sitivity and specificity, where the successful rejection of 
null hypotheses was based on prespecified thresholds 
for sensitivity (H0 ≤67%) and specificity (H0 ≤90%). A 1-
sided test (α=2.5%) was used to evaluate each of these 
co-primary end points.

The accuracy of the Study Watch photo
plethysmography-based algorithm in detecting sus-
pected AF was further investigated in subgroups 
defined by race, age group, activity level, Fitzpatrick 
scale score, and AF burden. Accuracy was also re-
ported in terms of positive predictive value (PPV) and 
negative predictive value based on the overall AF bur-
den observed in the study. Activity levels were defined 
based on the wrist-based actigraphy counts as light 
(<3.0 metabolic equivalents, such as slow walking), 
moderate (3.0–5.9 metabolic equivalents, such as fast 
walking and yoga), and vigorous activity (≥6.0 meta-
bolic equivalents, such as running and high impact 

aerobic dancing). A sensitivity analysis was performed 
to evaluate the impact of unevaluable and off-wrist de-
vice data by imputing missing test device data using 
best-case/worst-case scenarios (ie, all test-positive, 
all test-negative, all matching-reference, and all not 
matching reference). The percentage of evaluable in-
tervals for each activity level was used to assess the 
impact of increased activity on signal quality and was 
determined as the number of evaluable test device in-
tervals out of the total number of available reference 
device intervals.

Estimates of accuracy were calculated across inter-
vals, while accounting for clustering of intervals within-
subject. Logistic mixed-effect regression models, with 
a random effect added to account for the effect of 
clustering, were used to estimate sensitivity, specificity, 
PPV, and negative predictive value. 95% CIs were pro-
vided using bootstrap methods (cluster or block boot-
strap) where the correlation structure is preserved, 
taking into account the fact that repeat intervals are 
nested within subject. Further details regarding CI esti-
mation and logistic mixed-effect regression models are 
provided in Data S1.

A patient-level analysis was also performed to as-
sess whether subjects with any AF during the period 
of follow-up could be correctly identified (ie, patient-
level sensitivity); and similarly if patients who did not 
have any AF throughout the follow-up period could be 
correctly identified (ie, patient-level specificity). The unit 
of analysis here was the patient, and patients were as-
sumed to be independent. CIs for patient-level anal-
yses were calculated using Clopper-Pearson (exact) 
intervals.

AF burden was defined as the fraction of all in-
tervals determined to be reference-positive in the 
study. We also defined photoplethysmography-based 
AF burden, which was the fraction of all evaluable 
test device intervals that were determined to be AF. 
Photoplethysmography-based estimates of AF burden 
were calculated as the proportion of AF-positive pho-
toplethysmography intervals to analyzable intervals. 
We excluded unanalyzable intervals from the calcula-
tion of the photoplethysmography-derived AF burden. 
The reference AF burden was determined from the ref-
erence patch ECG that is calculated as the proportion 
of total time in AF to total analyzable time over the wear 
period. The Pearson correlation coefficient with mean 
square error and Bland–Altman methods were used to 
compare AF burden measurements between the refer-
ence and test device at the patient level.

Sample Size Estimation
Previous clinical studies (NCT04074434) were used 
to inform the expected average patient wear time, 
test device performance, and AF burden distribution 
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across patients for the present study. These param-
eters allowed us to estimate the variance inflation fac-
tor (ie, design effect) necessary to derive sample size 
estimates in a repeated-measures setting.

A sample size of 110 subjects was necessary 
to provide 80% power to evaluate our primary end 
points. Additional subjects were enrolled to account 
for potential loss to follow-up. We used an adaptive 
design, where AF burden by the reference device was 
assessed at prespecified times during the study to 
ensure that the number of patients would provide suffi-
cient power to detect our primary end points. Detailed 
sample size estimate calculations are documented in 
Data S1.

Additional Analysis of Watch ECG 
Performance
A deep neural network capable of detecting arrhyth-
mias from single-lead ECGs was used to label AF epi-
sodes using the Study Watch lead-I ECG data.10 Given 
that each subject recorded a variable number of ECG 
samples and the resulting pool was large, a sample of 
ECGs from all the obtained Study Watch ECGs were 
selected to maximize the number of ECGs from distinct 
patients and to yield an approximately equivalent num-
ber of ECGs with and without AF. Two CCTs indepen-
dently annotated AF episodes within sampled ECGs. 
These were validated by an electrophysiologist to pro-
duce a triple-reviewed reference dataset. Sensitivity 
and PPV of the ECG-based algorithm for detection of 
AF episodes within the sampled ECG data were deter-
mined using the clinician-annotated episodes as the 
reference standard.

RESULTS
Study subjects were enrolled over the period between 
September 9, 2020 and May 14, 2021. Of 117 enrolled 
participants, there were 111 that contributed data to 
the analysis per protocol. Reasons for the 6 partici-
pants not included in the analysis included 3 patients 
who did not wear the ECG patches, 1 patient lost to 
follow-up and ECG patch was not returned, 1 with <15 
minutes of Study Watch wear time, and 1 patient who 
withdrew during the Study Watch device training due 
to hand tremor preventing ECG acquisition. A total of 
91 857 intervals with simultaneous analyzable refer-
ence and test data were used to assess primary end 
points (per-interval sensitivity and specificity).

Clinical Characteristics
Of the 111 patients included in the study, 50 (45%) 
were women, and the mean age was 65±11 years 
(Table  1). Median watch wear time was 18.3 h/d  

(25th percentile=14.4 h/d; 75th percentile=23.4 h/d; 
interquartile range [IQR] range=9.1 h/d). Participants 
obtained 1.9±2.1 ECGs per day using the Study Watch 
(median: 1.0; IQR, 1.0 [25th percentile=1.0; 75th per-
centile=2.0]) for a total of 3448 watch ECGs during the 
study period. The median analyzable photoplethys-
mography recording time was 13.4 h/d (25th percen-
tile=7.6 h/d; 75th percentile=19.8 h/d; IQR range=12.2 
h/d).

There were 34 186 hours of ECG recording ob-
tained from the reference patch ECG devices. There 
were 34 of 111 (30.6%) participants who had at least 1 
analyzable reference positive AF interval; 12 subjects 
had an AF burden of ≥25%. The average duration of an 
AF episode was 109 minutes. The median AF burden 
during the study period in patients with analyzable AF 
intervals was 8.9% (25th percentile=1.1%; 75th percen-
tile=29.9%; IQR=28.8%).

Performance of Photoplethysmography-
Based Algorithm
Of all photoplethysmography intervals, 7.2%, 70.0%, 
and 22.8% were classified by the Study Watch algo-
rithm as suspected AF, not suspected AF, and unana-
lyzable. FP and false negative intervals comprised 1.7% 

Table 1.  Baseline Characteristics

Characteristics n=111

Hypertension, n (%) 74 (66.7%)

Coronary artery disease, n (%) 15 (13.5%)

Congestive heart failure, n (%) 13 (11.7%)

Peripheral vascular disease, n (%) 2 (1.8%)

TIA or stroke, n (%) 16 (14.4%)

Obstructive sleep apnea, n (%) 24 (21.6%)

Chronic kidney disease, n (%) 3 (2.7%)

Diabetes 16 (14.4%)

Female, n (%) 50 (45.0%)

Age, mean±SD, y 65±11

BMI, mean±SD, kg/m2 29±6

Fitzpatrick skin tone n, (%)

I 10 (9.0%)

II 17 (15.3%)

III 42 (37.8%)

IV 26 (23.4%)

V 11 (9.9%)

VI 5 (4.5%)

Black/African American, n (%) 13 (11.7%)

CHA2DS2-VASc score, mean±SD 2.6±1.6

History of atrial fibrillation ablation, n (%) 2 (1.8%)

Antiplatelet therapy, n (%) 2 (1.8%)

Oral anticoagulants, n (%) 18 (16.2%)

BMI indicates body mass index; and TIA, transient ischemic attack.
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and 0.3%, respectively, of total intervals. The primary 
end point analysis resulted in an interval-level sensitiv-
ity of 96.1% (95% CI, 92.7%–98.0%) and a specificity 
of 98.1% (95% CI, 97.2%–99.1%) for AF detection. In 
the worst-case scenario where the unanalyzable Study 
Watch intervals were assumed to not match reference 
patch ECG device labels, estimated sensitivity was 
75.5%. The PPV and negative predictive value for the 
Study Watch algorithm were 81.4% (95% CI, 68.8%–
89.9%) and 99.7% (95% CI, 99.5%–99.8%), respec-
tively, based on the observed burden of AF (7.9%).

Two subjects were responsible for 41% (651 out of 
1599) of the FP intervals in our study. The predomi-
nant rhythm from patch ECG for these 2 subjects was 
normal sinus rhythm. However, we observed higher 
interbeat interval variability for these 2 subjects, and 
the FP intervals generally, relative to the variability of 
true negative intervals (Table S1). We observed unla-
beled ectopic atrial beats as the major reason for FPs 
in these individuals (Figure  S1). In the majority of FP 
intervals, subjects had a low burden of AF, because 
only 25.9% of the false negative intervals had an ag-
gregated AF duration exceeding 7.5 minutes. Sinus 
rhythm was the dominant rhythm in 72.7% of these 
intervals (Figure S2).

We evaluated subject-level sensitivity and specific-
ity where a participant is considered reference positive 
if any intervals are observed to have AF by the refer-
ence patch ECG device throughout the study period. 
Subject-level sensitivity was 90.6% (95% CI, 74.9%–
98%) and specificity was 60.8% (95% CI, 49.1%–71.6%). 
Additional sensitivity analysis was performed to evalu-
ate the impact of unanalyzable and off-wrist test inter-
vals by imputing missing test device data (Table S2). In 
the worst-case scenario where the unanalyzable and 
off-wrist test intervals were assumed to not match ref-
erence patch ECG device labels, estimated sensitivity 
was 69.2%. However, overall subject-level sensitivity 
remains high (90.6%). The photoplethysmography-
based algorithm identified all but 3 subjects with at 
least 1 reference-positive interval during the 14-day 
study period. All 3 false-negative patients had a very 
low AF burden (0.09%–0.25%). Two subjects only had 
a single episode of AF (116 seconds and 530 seconds) 
while the third subject had 4 very short episodes of AF 
(31–104 seconds) during the study period, translating 
into a single analyzable AF interval per subject. All 3 
false-negative intervals occurred during light activity.

Performance of AF Burden Estimation
A total of 62 952 30-minute photoplethysmography 
intervals were obtained for AF burden algorithm analysis, 
of which 79.6% were analyzable. For subjects with 1 or 
more AF episodes confirmed by reference patch ECG 
(34/111, 30.6%), the photoplethysmography-derived 

AF burden estimation was highly correlated with the AF 
burden obtained from the reference patch ECG device 
via Pearson correlation coefficient (R2=0.986; Figure 1 
A). Additionally, Bland–Altman analysis indicated 
agreement between the photoplethysmography and 
the reference patch ECG estimates of AF burden with a 
mean difference of 0.8% and 95% limits of agreement 

Figure 1.  Correlation and agreement of AF burden methods.
A, Scatter plot and regression line of the PPG-derived AF burden 
estimates vs AF burden determined by the reference patch ECG. 
The Pearson correlation coefficient (R2) was 0.986. B, Bland–
Altman analysis shows agreement between quantification of 
AF burden as estimated by the PPG-based algorithm and as 
determined from the reference patch ECG. Blue dots represent 
the difference in percent AF burden between methods for each 
AF-positive subject. The continuous line is the average value 
of difference between AF burden calculation methods (0.8%), 
and the dotted lines represent the upper and lower 95% limits 
of agreement (ie, the interval of 2 SDs of the measurement 
differences on either side of the average difference; 8.2%, −6.6%). 
AF indicates atrial fibrillation; and PPG, photoplethysmography.
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of −6.6% to 8.2% (Figure 1B). The total off-wrist time 
for the Study Watch, when reference patch ECG 
recordings were available, was 3337.8 hours. During 
this off-wrist period, the reference patch ECG detected 
244.2 hours of AF, representing 7.3% of the total off-
wrist duration, consistent with the observed overall AF 
burden. We did not observe a significant difference 
between an estimated AF burden when patch ECG 
was used as the denominator versus analyzable 
photoplethysmography intervals (7.2% versus 7.9%).

Performance of Algorithm for 
Classification of Study Watch ECGs
There were a total of 2448 notifications generated 
(median number of notifications was 2 per day [25th 
percentile=1 per day; 75th percentile=5 per day; 
IQR range=4 per day]). The median rate of record-
ing a watch ECG in response to an irregular rhythm 
notification per subject day was 85.7% (25th percen-
tile=38.5%; 75th percentile=100%; IQR range=61.5%). 
We sampled 371 ECG strips acquired from all avail-
able ECGs (3510; 10.6%). The ECGs included those 
that were self-initiated or in response to daily prompts, 
as well as those that were triggered by irregular rhythm 
notifications. The ECG classification algorithm correctly 
identified all AF episodes as annotated by the clinician 
panel, indicating sensitivity of 100% for the sampled 
ECG data. Episode-level PPV was 54.9%.

Subgroup Analyses
We evaluated the Study Watch AF detection perfor-
mance during different levels of activity. Vigorous ac-
tivity was observed in 55 subjects during the study 
period, representing 1.7% of total intervals. Light and 
moderate activity was observed in 111 and 107 pa-
tients, respectively, and they represented 98.5% of 
overall intervals. A lower sensitivity for detection of AF 
during vigorous activity compared with light and mod-
erate activity was observed (Table 2). There were only 
4 reference positive AF intervals available for calculat-
ing sensitivity during vigorous activity, 2 of which were 
detected by the Study Watch. The specificity for detec-
tion of AF was comparable during low, moderate, and 
vigorous activity.

The Study Watch had comparable performance for 
detection of AF in patients with high burden (>25%) of 

AF relative to patients with low burden (<25%) of AF 
(Table  3). There were no substantial differences in 
Study Watch AF detection performance in patients age 
<65, 65 to 74, or ≥75 years (Table 3).

Interval-level sensitivity was lower in the Black/
African American subgroup, which included only 3 
patients with episodes of AF (Table  3). We explored 
the impact of AF duration on interval-level sensitivity 
and specificity of AF across different racial groups. 
Higher sensitivity was observed for longer-duration 
AF (>6 minutes) as compared with short-duration AF 
(≤6 minutes), regardless of racial group. There was 
an increase in the percentage of intervals with short-
duration AF (≤6 minutes) among the Black/African 
American subgroup (Table 4). Independent of the du-
ration of AF, at the patient level, the device correctly 
identified all Black/African American patients with AF 
events during the monitoring period.

The proportion of analyzable observed test in-
tervals were reduced with increasing Fitzpatrick 
scale (Table  4); however, interval-level sensitivity and 

Table 2.  Sensitivity and Specificity by Interval-Level Activity as Determined by Study Watch Actigraphy Data

Activity level Total intervals with actigraphy
Number of evaluable  
intervals by study watch (%)

Sensitivity  
(95% CI)

Specificity  
(95% CI)

Low (observed in 111 subjects) 107 309 (87.9% of total intervals) 88 068 (82.1%) 96.2 (93.1–98.1) 98.2 (97.4–99.1)

Moderate (observed in 107 subjects) 12 818 (10.5% of total intervals) 3586 (28.0%) 94.3 (85.4–97.8) 96.6 (94.6–99.2)

Vigorous (observed in 55 subjects) 2022 (1.7% of total intervals) 203 (10.0%) *NA 95.7 (92.1–98.2)

NA indicates not assessable.
*There were 4 reference-positive atrial fibrillation intervals available for calculating sensitivity. Two of these were detected by the test device.

Table 3.  Subgroup Interval-Level Sensitivity and 
Specificity by AF Burden

Subgroup
Sensitivity  
(95% CI)

Specificity  
(95% CI)

AF burden decile

Highest decile (≥25.4% 
burden) (N=12)

98.8 (97.8–99.5) 90.3 (77.4–99.8)

Not highest decile (<25.4% 
burden) (N=99)

81.6 (69.1–90.6) 98.5 (97.8–99.3)

Age group

<65 y (N=45 subjects) 94.9 (84.1–98.7) 99.1 (98.5–99.9)

65–74 y (N=43 subjects) 95.3 (83.7–98.1) 98.4 (97.5–99.6)

≥75 y (N=23 subjects) 98.4 (95.8–99.4) 95.4 (92.2–98.9)

Racial group

Asian (N=6) 98.7 (97.7–99.4)* 100.0 (98.7–100.0)*

Black/African American 
(N=13)

67.5 (55.4–83.5) 99.1 (98.8–99.5)

Native Hawaiian or other 
Pacific Islander (N=1)

NA 100.0 (99.6–100.0)*

White (N=86) 97.2 (95.0–98.4) 97.8 (96.7–99.0)

Other (N=5) NA 100.0 (99.9–100.0)*

AF indicates atrial fibrillation; and NA, not assessable.
*Due to absent or low error counts, CIs for sensitivity and/or specificity for 

some groups (Asian, Native Hawaiian/Pacific Islander groups, or Other) are 
reported based on the exact binomial rather than cluster bootstrap.
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specificity was maintained across the Fitzpatrick scales 
(Table 5). Patient-level sensitivity remained high across 
Fitzpatrick scale subgroups (Table 5). Furthermore, the 
time to detect AF and photoplethysmography-based 
estimation of AF burden was similar across different 
Fitzpatrick scales (Table 6).

All 111 subjects included in the analysis had some 
unanalyzable intervals. Only 10 subjects among the 
111 subjects had >50% unanalyzable data (Figure S3). 
The mean percentage of unanalyzable intervals at 
the subject level was 23.7% (min, 0.8%; max, 91.2%; 
median, 19.8%; and IQR, 22.3%). There were 27 115 
unanalyzable intervals (22.8% of 118 972 intervals with 
patch ECG as ground truth). Moderate or vigorous ac-
tivity occurred during 37% of the unanalyzable inter-
vals. The detailed breakdown of unanalyzable intervals 
by activity, arm hair index, and skin tone subgroups are 
provided in Tables S3 through S5.

DISCUSSION
The Study Watch and its photoplethysmography-
based algorithm had high interval-level sensitivity and 
specificity for detection of AF and provided an accurate 
estimation of AF burden in an at-home environment 
compared with continuous ECG monitors during the 

14-day study period. This is the first study to report the 
performance of a medical grade, FDA-cleared device 
in different subgroups in an ambulatory environment 
with continuous nonperiodic photoplethysmography-
based AF monitoring when added to wrist-worn ECG 
event-recording capability.

The Study Watch detected AF on an interval level 
with high sensitivity (96.1%) and specificity (98.1%). 
There have been several clinical studies validating the 
performance of photoplethysmography-based algo-
rithms for detection of AF with the range of sensitiv-
ity and specificity between 85% and 99%.11–18 These 
studies were limited by short photoplethysmography 
recording time and were conducted in controlled clin-
ical settings unlike the ambulatory environment where 
these devices are most likely to be used. There have 
been several recent studies that reported the validity of 
different photoplethysmography-based algorithms for 
detection of AF in an ambulatory environment.6,19,20 In 
an exploratory analysis of 1057 patients in the Fitbit 
Heart Study where the 1-week ECG patch monitor 
was used as the reference, the episode-level sensitiv-
ity was 67.6% (95% CI, 62.4%–72.6%) and specificity 
was 98.4% (95% CI, 97.3%–99.2%).20 The Apple Heart 
Study reported a PPV of 71% (97.5% CI, 69%–74%); 
however, it did not report the episode or interval-level 

Table 4.  Interval-Level Sensitivity by Race and AF Interval Duration

Racial group*

Number of 
analyzable AF 
intervals

AF ≤6 min AF >6 min

% Analyzable AF  
intervals with AF ≤6 min

Sensitivity  
(95% CI)

% Analyzable AF  
intervals with AF > 6 min

Sensitivity  
(95% CI)

Asian 854 0.5% (4/854) 0.0 (0.0–60.2)† 99.5% (850/854) 99.2 (98.3–99.7)†

Black/African American 314 45.9% (144/314) 31.9 (20.2–57.8) 54.1% (170/314) 97.8 (80.0–100.0)

White 6118 2.0% (125/6118) 16.7 (10.8–23.4) 98.0% (5993/6118) 98.8 (97.9–99.5)

AF indicates atrial fibrillation.
*There were no evaluable reference-positive intervals within the Native Hawaiian/Pacific Islander or Other groups, so sensitivity could not be determined for 

these groups.
†For the Asian group, some cluster bootstrapped estimates of CIs were incalculable or resulted in estimates of [0, 1] due to most events occurring in only a 

few subjects. The CIs reported above are estimated based on the exact binomial.

Table 5.  Interval-Level and Patient-level Sensitivity and Specificity by Fitzpatrick Scale Score

Fitzpatrick 
scale score

Unevaluable intervals/
total number of 
intervals (%)

Interval-level 
sensitivity 
(95% CI)

Interval-level 
specificity 
(95% CI)

Patient-level 
sensitivity 
(95% CI)

Patient-level 
specificity 
(95% CI)

I (10 subjects) 1696/11 825 (14.3%) 98.4 (96.8–99.4)† 98.0 (96.6–99.6) 100.0 (2.5% - 100.0) 55.6 (21.2–86.3)

II (17 subjects) 3600/19 175 (18.8%) 94.2 (87.5–98.3) 97.5 (95.3–100.0) 100.0 (29.2–100.0) 85.7 (57.2–98.2)

III (42 subjects) 8610/42 975 (20.0%) 97.4 (92.2–99.2) 99.5 (99.1–99.8) 87.5 (61.7–98.4) 61.5 (40.6–79.8)

IV (26 subjects) 6257/27 686 (22.6%) 95.4 (83.6–97.8) 95.9 (93.0–99.4) 87.5 (47.3–99.7) 50.0 (26.0–74.0)

V/VI* (16 subjects) 6952/17 311 (40.2%) 92.5 (56.7–99.1) 99.5 (99.3–99.8) 100.0 (39.8–100.0) 50.0 (21.1–78.9)

*Only 5 subjects were observed with a Fitzpatrick scale score of VI. Due to the low numbers, subjects with Fitzpatrick scale scores of V and VI were combined 
into a single group.

†Low number of subjects in this group precluded the use of cluster bootstrap estimates of CIs for sensitivity. CIs are instead reported above based on exact 
binomial.

Though the Fitzpatrick Category I subgroup includes 10 total subjects, only a single subject in this subgroup had AF episodes during the study, thus 
contributing to the wide confidence interval for sensitivity among Fitzpatrick Category I subjects.
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sensitivity of the photoplethysmography-based al-
gorithm for detection of AF.6 A recent study reported 
that the Apple Watch algorithm had an episode-level 
sensitivity of 60.0%.21 The My Heart Lab Validation 
study evaluated the performance of the Samsung 
watch against a continuous ECG patch during a 4-
week study period in an at-home environment. The 
study reported 5-minute interval-level sensitivity of 
86.4% (95% CI, 81.8%–90.0%) and specificity of 97.4% 
(95% CI, 97.1%–97.7%). The sensitivity and specificity 
changed to 79.4% (95% CI, 68.1%–87.5%) and 99.4% 
(95% CI, 99.0%–99.5%) when the 2 out of 3, 5-minute 
intervals were used for analysis.19 Our results show sig-
nificantly higher 15-minute interval-level sensitivity for 
detection of AF in a similar population in an at-home 
environment. This is the first study to report subject-
level sensitivity and specificity for AF detection using 
a wrist-worn device in an ambulatory environment. 
Although the Study Watch’s high subject-level sensitiv-
ity allows for detection of the majority of clinically rele-
vant AF episodes, the subject-level specificity of 60.8% 
may produce a large number of FP alarms that may 
increase the burden on clinicians. The Study Watch is 
connected to an end-to-end system that includes real-
time prompts for a user to record a single-lead ECG 
from the Study Watch when AF is suspected by the 
photoplethysmography algorithm and automated ECG 
rhythm classification followed by validation by CCTs 
(Figure 2). A comprehensive report is created and sent 
to the prescribing physician to confirm diagnosis of 
AF. The ability to continuously monitor for AF, coupled 
with ECG recording capability and CCT review, can 
provide timely and clinically relevant ECGs to the clini-
cian. This is distinct from consumer grade wearables 
that currently only periodically assess irregular pulse 
and have no user prompting or ECG event-recording 
capabilities.

In the Study Watch ECGs sampled for further evalu-
ation, sensitivity of the ECG classification algorithm was 
100% in identification of AF episodes, indicating a low 
likelihood of false negatives in this population. PPV of 
the ECG classification algorithm was 54.9%; however, 

this represents only an initial step in event-triggered 
ECG processing. Following automated identification 
of AF within the watch ECGs, the Study Watch imple-
mentation involves review and episode classification 
by CCTs before inclusion in a report to the prescrib-
ing physician. This multistage, end-to-end system with 
CCT overread may limit the burden on clinicians and 
avoid the deluge of ECGs and irregular pulse notifica-
tions generated by other wrist-worn devices because 
clinically actionable findings are found in a minority of 
patients.22 This workflow model is analogous to what 
is currently used and reimbursed for a range of ambu-
latory ECG monitoring service types, including Holter, 
long-term continuous, mobile cardiac telemetry, and 
event monitors. Future work will evaluate the perfor-
mance of this end-to-end system prospectively to as-
sess its effectiveness.

When assessing the performance of wrist-worn 
wearable devices in an ambulatory setting, it is import-
ant to monitor patients during all activities of daily living. 
The algorithm used in the Apple Heart Study recorded 
photoplethysmography signals for 1 minute every 
2 hours when the patient was completely stationary 
and therefore did not provide continuous photopleth-
ysmography monitoring during the study period.6 
Similarly, the algorithm in the Fitbit Heart Study did not 
continuously monitor the photoplethysmography for AF 
but only when patients were stationary to reduce the 
FP rates and increase specificity for detection of AF.20 
The photoplethysmography-based algorithm used in 
the My Heart Validation Study included intervals during 
various levels of activity and only excluded them if 
the photoplethysmography signal was unanalyzable. 
However, they did not report the performance of the al-
gorithm during different levels of activity and the device 
has yet to receive FDA clearance.19 Our study is the first 
to report the performance of a photoplethysmography-
based algorithm during different levels of activity as 
determined by the device accelerometer. Sensitivity 
and specificity for detection of AF were comparable 
during low and moderate levels of activity. Reduced 
interval-level sensitivity during high levels of activity for 
AF detection was observed; however, this represents a 
small portion of the overall monitoring period (1.7% of 
total intervals in our study). Therefore, the Study Watch 
photoplethysmography algorithm will be able to detect 
the majority of clinically relevant episodes of AF (ie, AF 
episode duration >6 minutes).

The Study Watch photoplethysmography-based al-
gorithm correctly identified most patients with clinically 
relevant AF episodes (AF episode duration >6 minutes) 
during the 14-day monitoring period (29/32, 90.6%). AF 
episode durations >6 minutes have been shown to be 
a clinically relevant threshold when considering initiat-
ing anticoagulation in patients with a new diagnosis of 
AF during long-term monitoring, and it has been used 

Table 6.  AF Time to Detect and Accuracy of Burden 
Estimation by Skin Tone

Fitzpatrick 
skin type

Number of 
subjects (with 
AF detected/
total)

Time (days) from 
first AF episode to 
first true positive 
prompt for ECG 
(mean±SD)

Absolute 
error of 
AF burden 
(mean±SD)

I/II (4/27) 0.7±1.2 0.5±1.2

III (14/42) 1.2±1.7 0.5±1.1

IV (6/26) 0.1±0.1 1.0±3.5

V/VI (4/16) 1.1±1.7 1.0±2.6

AF indicates atrial fibrillation.
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as a clinical end point in several large clinical trials.4,23 
In a large study of individuals with paroxysmal atrial 
fibrillation, the majority of patients (96.2%) experienced 
at least 1 long-duration AF episode within a 2-week 
monitoring period. Patients with short AF episodes 

tend to have many episodes, up to >10 events per 
day for AF episodes ≤6 minutes.24 Thus, even though 
sensitivity for detecting an individual photoplethys-
mography interval with short-duration AF <6 minutes 
was lower, the effective sensitivity increases to 90% 

Figure 2.  The Study Watch is a prescription device connected to an end-to-end system that 
includes real-time prompts for a user to record a single-lead ECG when AF is suspected by the 
on-watch PPG algorithm.
The acquired ECGs are transmitted to a cloud server where automated rhythm classification is reviewed 
by human experts. Only validated findings are then shared with the prescribing physician through 
reports. CCTs indicates certified cardiographic technicians; HCP, health care provider; and PPG, 
photoplethysmography.
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with 6 intervals of short-duration AF, and 97.8% with 10 
intervals of short-duration AF. Therefore, interval-level 
performance is maintained when focusing on clinically 
relevant AF episodes.

Our subgroup analyses also revealed a lower interval-
level sensitivity in the Black/African American subgroup. 
The sensitivity for intervals with short-duration AF 
(≤6 minutes) was lower compared with long-duration AF 
(>6 minutes) across all racial groups. Because a greater 
percentage of intervals with short-duration AF were de-
tected in Black/African American patients, this may ac-
count for the overall reduction in interval-level sensitivity 
in this subgroup. Although prior research has demon-
strated a higher incidence of AF among White individuals 
as compared with Black/African American individuals, 
there is no prior literature showing differences in AF epi-
sode durations among different racial subgroups.25 The 
observed differences in our study may also be related 
to the low number of Black/African American patients 
with AF events during the monitoring period in our study. 
In our study, independent of the duration of AF, at the 
patient level, the device correctly identified 100% of 
Black/African American patients with AF events during 
the monitoring period due to enhanced opportunity to 
detect AF with continuous monitoring. Furthermore, 
the time to detect AF was similar across the racial sub-
groups. However, the current dataset limits our ability 
to evaluate the relative importance of these effects and 
other potential confounders due to a small number of 
patients with Fitzpatrick Type V and VI.

Photoplethysmography signals are sensitive to ex-
ternal factors such as motion artifacts and variations 
in peripheral circulation, which can lead to unanalyz-
able data. This has been reported in multiple studies 
published in the literature with the number of unanalyz-
able photoplethysmography intervals ranging between 
32.2% and 93.4%.19,26–29 Our device demonstrates one 
of the lowest percentages of unanalyzable photopleth-
ysmography intervals in the published literature, result-
ing in identification of all but 3 subjects with at least 1 
reference-positive interval during the study period.

Accurate and reliable estimation of AF burden re-
quires long-term monitoring and is critical for ap-
propriate management of patients with AF. Previous 
studies have demonstrated a dose–response relation-
ship between AF burden, symptoms, heart failure, and 
stroke.30–33 The median wear time of 18.3 h/d in this 
study shows that it is feasible to continuously moni-
tor heart rhythm using a wrist-worn wearable device. 
Our photoplethysmography-based algorithm allows for 
continuous monitoring during the day compared with 
other FDA-cleared consumer devices that provide non-
continuous monitoring during the day and include only 
periods of time where the patient is stationary.6,20 Our 
results show that one can accurately estimate AF bur-
den over long-term monitoring periods in an ambulatory, 

at-home setting via photoplethysmography-based 
wrist-worn devices.

This device offers an opportunity to continuously 
and noninvasively monitor patients outside of the clin-
ical setting for weeks, months, or years. Longer mon-
itoring periods provide multiple opportunities to detect 
AF episodes and improve the ability to detect clinically 
relevant AF in patients with or suspected of having AF. It 
provides a noninvasive option for long-term monitoring 
of patients with infrequent symptoms or history of cryp-
togenic stroke suspected of having AF. It is not intended 
to replace interval ECG monitoring where continuous 
ECG is needed but rather aims to bridge long-term con-
tinuous ECG monitoring and the consumer space with 
a practical, easy solution for assessment of AF burden 
that also allows the ability to transmit ECGs based on AF 
notifications or for other patient-activated reasons. As 
such, we anticipate that this device will complement the 
existing devices by providing an opportunity to monitor 
for AF during longer periods that are not currently pos-
sible with the existing noninvasive technologies such as 
patch ECG. In clinical practice, most individuals who 
use wearables do not use it for screening or diagnosis 
but rather for management of AF.5 The Study Watch can 
be implemented in clinical practice to provide both ECG 
event-recording capability and continuous AF monitor-
ing to improve management of patients with established 
diagnosis of AF through assessment of burden, char-
acterization of AF episodes, optimizing heart rate con-
trol and medications. There is a need for prospective, 
randomized clinical trials focused on wearable use for 
management of patients with established diagnosis of 
AF to fully understand the association of wearables with 
health outcomes.

Limitations
The study did not include a large number of patients 
with Fitzpatrick scale V/VI who had episodes of AF dur-
ing the study period. Although substantial differences in 
performance of our algorithm for detection of clinically 
significant AF in this population were not observed, fu-
ture studies with a larger number of patients with AF and 
Fitzpatrick V/VI are needed to further evaluate algorithm 
performance in this population. Although there were 
>90 000 intervals with simultaneous analyzable refer-
ence and test data and this was powered at the episode 
level, the AF episodes came from a smaller number of 
participants who had AF. Future clinical studies includ-
ing a larger cohort of patients with AF are needed to 
further validate findings in a clinical setting. The wrist-
worn device relies on photoplethysmography signals, 
which can be influenced by motion artifacts and periph-
eral circulation, potentially leading to unanalyzable peri-
ods. Exclusion of unanalyzable periods may affect the 
overall performance of the wrist-worn device. The study 
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population did not include patients with ventricular pac-
ing; therefore, performance results of our algorithm can-
not be generalized to this patient population. Finally, this 
study did not evaluate the impact of end-to-end systems 
including irregular pulse notifications, on-demand ECG 
acquisition via the Study Watch with CCT over-reads on 
rates of false positive notifications, overall health care uti-
lization, and cost.

CONCLUSIONS
The results have demonstrated that the Study Watch, 
a wrist-worn device with a lead-I ECG and continu-
ous photoplethysmography capability and algorithm, 
can accurately detect AF in a free-living environment. 
Our findings also suggest that the Study Watch, in 
combination with cloud-based assessment, is effec-
tive in providing estimation of AF burden. Furthermore, 
the algorithm for classification of symptom- or event-
triggered ECGs obtained from the wrist-worn device 
and confirmatory CCT readings may provide critical 
information around the AF episodes, and provide the 
context necessary for health care professionals to ef-
fectively manage patients with AF.
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