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Abstract

Background: Wearables satisfactorily detect atrial fibrillation (AF) longer than 1 hour. Our study aims to evaluate smartwatch
performances for long-term AF monitoring, including AF with short durations.

Methods: This prospective study enrolled AF patients from 2020 to 2023. Diagnostic efficacy of the Amazfit smartwatch, with
AF-identifying algorithms from photoplethysmography (PPG) and single-lead electrocardiogram (ECG), was compared with a
7-day Holter. Primary analysis included smartwatch diagnostics to identify AF longer than 5 minutes. Secondary analyses
evaluated smartwatch performances under different settings and compared AF burdens between the smartwatch and Holter.

Results: The study analyzed 72 patients (48 males, mean age 65.4± 8.5) with 914 AF episodes lasting 834.7 hours, including
142 longer-than-5-minute AF episodes. Smartwatch recording time was 8927.6 hours. By individual, sensitivities and spe-
cificities of AF longer than 5 minutes were 100.0% and 83.7% for PPG and 89.7% and 67.4% for the ECG algorithm. Positive
and negative predictive values were 94.9% and 99.9% for PPG and 77.6% and 99.8% for ECG. Optimal AF durations to be
identified by PPG and ECG algorithms were 1.358 and 16.708 minutes. Smartwatch performances varied across AF durations
and between day-time and night-time. Strong correlations (PPG: ρ= 0.877; ECG: ρ= 0.769) and excellent agreements (PPG:
ICC= 0.976; ECG: ICC= 0.927) were found between AF burdens calculated from smartwatch and Holter.

Conclusions: Compared with long-term Holter, the wearable smartwatch had satisfying qualitative and quantitative diagnos-
tic performances for continuous AF monitoring. Susceptibility to false positives led to modest specificity. Smartwatch per-
formances were affected by AF durations and time periods.

Registration: ChiCTR2000040035.
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Introduction
Atrial fibrillation (AF) is the most common sustained
cardiac arrhythmia worldwide and is associated with
increased risks of stroke, heart failure, cognitive decline,
hospitalization, and death.1 Screening for AF is challenging
due to its occult, paroxysmal, and asymptomatic character-
istics. Traditional 12-lead electrocardiograms (ECG) or
Holter ECG are unavailable for long-term continuous
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monitoring, while implantable loop recorders are less adap-
tive due to invasiveness and high costs.2 Wearable devices
are therefore desirable for their convenience and accuracy,3

with increasing uses of commercially available devices.
The Amazfit Health Smartwatch is a wearable device

with a photoplethysmography (PPG) sensor and a single-
lead ECG (SL-ECG) recorder,4 with algorithms to classify
rhythm strips. A previous study demonstrated that the
Amazfit wearable had a satisfactory performance for
single time point AF detection, with an accuracy of
93.27% and 94.76% for PPG and ECG readings.4

Few studies evaluated smartwatch performances for con-
tinuous AF monitoring. Two studies used an insertable
cardiac monitor (ICM) or cardiac implanted electronic
device (CIED) as references and found the smartwatch
could satisfactorily detect AF longer than 1 hour.5,6

However, endpoints were AF episodes lasting longer than
an hour because ICM was susceptible to false positives
for shorter AF duration.7 A few studies used conventional
Holter as the reference to evaluate smartwatch perfor-
mances,8,9 and more comprehensive results are still war-
ranted. Our study also chose long-term Holter as the gold
standard to identify AF more accurately and comprehen-
sively, including those with short durations. The study
aimed to: (1) investigate the diagnostic efficacy of a wear-
able smartwatch for long-term continuous AF monitoring
based on PPG and ECG signals in a real-world environ-
ment, using long-term Holter ECG as references; (2) evalu-
ate smartwatch performances under different settings; (3)
estimate AF burdens using a wearable smartwatch.

Methods

Study design

This prospective, single-center study aimed to evaluate the
diagnostic performances of a wearable smartwatch. Patients
were recruited from Peking University First Hospital, a ter-
tiary hospital in China, between November 2020 and March
2023. The study enrolled participants across inpatient and
outpatient settings, with a minimum age requirement of
18. The study population was restricted to AF patients
who met at least one of the inclusion criteria: (1) patients
admitted to inpatient wards for AF catheter ablation and
were in sinus rhythm at discharge; (2) paroxysmal or per-
sistent AF patients from outpatient settings who were in
sinus rhythm at study enrollment. Patients were excluded
if they had implanted pacemakers, were allergic to wearable
smartwatches, or were unable to use smartwatches in bilat-
eral upper extremities due to any of the following condi-
tions: bilateral upper limb disabilities, abnormal skin
lesions on wrists, obliterative vascular diseases of upper
extremities, or severe upper extremity edema.

Written informed consent was obtained from all study
individuals, and the study was approved by the institutional

ethics committee of Peking University First Hospital
(2020-312). The study was registered in the Chinese
Clinical Trial Registry (Registration number: ChiCTR
2000040035). The investigation was performed according
to the principles outlined in the Declaration of Helsinki.
The research reported in this paper adhered to the
Standards for Reporting Diagnostic Accuracy (STARD)
statement.10

Study device

The Amazfit Health Smartwatch is a wearable device that
integrates signals from PPG sensors or single-channel
ECG recorders with AF-identifying algorithms using a
deep convolutional neural network.4 PPG signals are con-
tinuously and automatically collected for 71 seconds for
each PPG segment, while SL-ECG signals are manually
recorded for 60 seconds for each ECG segment. Each
PPG or ECG segment is categorized into the following
algorithmic outputs: AF, not AF, poor signal quality, and
unable to identify. Samples are shown in Supplemental
Figure S1. In this study, a long-term Holter ECG monitor
was used as the reference. Details of the smartwatch and
Holter monitor are shown in Supplemental Methods S1.

Study procedure

Baseline characteristics were collected, and all individuals
underwent standardized 12-lead ECG at enrollment to
verify heart rhythm. Patients wore the smartwatch for 7
days and completed a 7-day Holter monitor test simultan-
eously. Time systems were standardized by comparing
SL-ECG recordings from the smartwatch and Holter.
During the study period, patients were encouraged to
record smartwatch SL-ECG 4 times per day (8:00, 12:00,
16:00, 20:00) and any time they felt palpitations or discom-
forts. SL-ECG recording compliance of each patient was
categorized into regularly recorded (recorded more than
85% as instructed) and intermittently recorded (recorded
less than 85% as instructed).

Two experienced ECG physicians manually reviewed
long-term Holter recordings independently, blinded to
patient characteristics and smartwatch recordings. An AF
episode was defined as irregular RR intervals without dis-
cernible repeated P waves lasting longer than 30 seconds.
Any disagreements in AF identification were verified by
an electrophysiologist. For each AF episode, precise start-
ing and ending times were recorded, and AF duration was
calculated. Time periods of poor signal quality or no recog-
nizable recordings from Holter were excluded from the
study analysis.

For each PPG or ECG segment, recording time and its
algorithmic output were extracted from the web-based plat-
form. Individuals who did not wear the smartwatch as
instructed with a smartwatch recording time less than
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20% of the 7-day study period, were excluded from the
analysis.

Data analysis

In this study, we chose 5 minutes as the cutoff duration
threshold of clinically meaningful AF, following recom-
mendations from most studies that examined the relation-
ship between AF burdens and outcomes.11 The primary
analysis focused on smartwatch performance to detect clin-
ically meaningful AF from an individual, daily, or episode-
based approach. Diagnostic sensitivity, specificity, accur-
acy, positive predictive value (PPV), and negative predict-
ive value (NPV) were calculated, with detailed definitions
in Supplemental Methods S2. For individual-based and
daily-based analyses, diagnostic efficacies were evaluated
using PPG, ECG, and two combinations of PPG and
ECG algorithms. In these combinations, positive results
were defined as AF detection in either PPG or ECG or in
both PPG and ECG.

Secondary analyses included: (1) diagnostic efficacy of
the smartwatch from a segment-based analysis, with defini-
tions demonstrated in Supplemental Methods S2; (2) causes
of the false positive and false negative segments; (3) smart-
watch performances for different AF durations; (4) PPG
diagnostics according to daily time periods, including
day-time from 7:00 to 23:00 and night-time from 23:00 to
7:00; (5) comparison of AF burdens between the smart-
watch and Holter. AF burden from Holter was defined as
the total duration of AF divided by the total analyzable
time of Holter, while AF burden from the smartwatch was
defined as the number of AF segments divided by the
sum of AF and non-AF segments.

Statistical analysis

Categorical variables were presented with counts and per-
centages. Continuous variables were reported as means
and standard deviations, or medians and interquartile
ranges (IQR) if skewed distribution, while distributions
were confirmed by the Shapiro–Wilk normality test. For
diagnostic sensitivity, specificity, accuracy, NPV, and
PPV, results were presented as percentages and 95% confi-
dence intervals (CI). Agreements between the smartwatch
and Holter were compared using Cohen’s kappa coefficient,
with greater than 0.75 representing excellent agreement,
0.40–0.75 indicating fair to good agreement, and less than
0.40 representing poor agreement.12 Diagnostic efficacies
across different settings were compared using chi-square
or Fisher’s exact tests, as appropriate. For AF burdens,
skewed distributions were confirmed, and Spearman’s
rank correlation coefficient and intraclass correlation coeffi-
cient (ICC) were used to assess correlation and agreement
between AF burdens calculated from the smartwatch and

Holter. Receiver operating characteristic (ROC) curve ana-
lysis was used to find the optimal AF duration and AF
burden thresholds to be identified by the smartwatch. The
Bonferroni correction was used for multiple comparisons,
and a P-value less than .05 divided by the number of com-
parisons was considered significant. Statistical analyses
were performed with R software version 4.1.2.

Sample size estimation was based on a one-sided exact
test to detect superiority to a target accuracy of 70%, with
an assumed smartwatch accuracy of 85%, considering pre-
vious single time point diagnostic performance of the
Amazfit wearable and the impact of artifacts during con-
tinuous smartwatch monitoring.4,13 Sixty-one patients
were needed to achieve a statistical power of 80% and a
one-sided significance level of 0.025. The sample size
was calculated using PASS Version 15.0.5 (NCSS, LLC.
Kaysville, Utah, USA).

Table 1. Smartwatch performances for longer than 5-minute AF
detection.

Holter

Individual-based
analysis Daily-based analysis

Positive Negative Positive Negative

PPG

Positive 29 7 92 27

Negative 0 36 7 422

ECG

Positive 26 14 69 36

Negative 3 29 30 413

PPG or ECGa

Positive 29 19 97 56

Negative 0 24 2 393

PPG and ECGb

Positive 26 2 64 7

Negative 3 41 35 442

Smartwatch performances are evaluated from individual-based and
daily-based analyses, using Holter ECG as references.
aPositive results are defined as AF detection in either PPG or ECG.
bPositive results are defined as AF detection in both PPG and ECG.
AF: atrial fibrillation, ECG: electrocardiogram, PPG: photoplethysmography.
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Results

Study population and baseline characteristics

The study enrolled 78 eligible patients, and 72 patients were
included in the final analysis, with 6 excluded due to a
smartwatch recording time of less than 20% of the study
period. A detailed enrollment flowchart is shown in
Supplemental Figure S2. Baseline characteristics are
shown in Supplemental Table S1. The mean age was 65.4
± 8.5 years, with 48 (66.7%) male patients. The study
enrolled 18 (25.0%) inpatient post-ablation AF patients
and 54 (75.0%) AF patients from outpatient settings.

The median wear time for Holter was 168.1 (IQR:168.0–
168.3) hours per individual. After subtracting those times
with no or poor-quality signals, the median analyzable time
for Holter was 157.0 (IQR:134.1–166.1) hours per individual.
Thirty-four (47.2%) patients had documented AF from Holter,
with 29 (40.3%) having AF lasting longer than 5 minutes. AF
duration was 834.7 hours in total, with an average AF burden
of 7.9%. The total number of AF episodes was 914, including
142 lasting longer than 5 minutes. The median AF duration
was 1.0 (IQR: 0.7–2.3) minutes for each AF episode and
23.8 (IQR: 9.2–107.1) minutes for each clinically meaningful
AF episode. For smartwatch statistics, the total smartwatch
recording time was 8927.6 hours, with a median of 130.8

(IQR: 115.1–146.1) hours per individual and 18.7 (IQR:
16.4–20.9) hours per individual per day. The median
numbers of PPG and ECG segments per individual were
6630 (IQR: 5836–7407) and 34.5 (IQR: 27–47). For
SL-ECG recording compliance, 62 patients (86.1%) regularly
recorded SL-ECG as instructed, while 10 patients (13.9%)
intermittently followed the study procedure. No adverse
events were reported during the study process.

Primary analysis of smartwatch diagnostic efficacy

Smartwatch performances and diagnostic efficacy for AF
longer than 5 minutes are shown in Tables 1 and 2. From
an individual-based approach, sensitivities and specificities
for AF detection were 100.0% (95% CI, 88.1–100.0%) and
83.7% (95% CI, 69.3–93.2%) for PPG and 89.7% (95% CI,
72.6–97.8%) and 67.4% (95% CI, 51.5–80.9%) for ECG
algorithms. Combining PPG and ECG results, sensitivity
could be improved to 100.0% (95% CI, 88.1–100.0%)
when positive results were defined as AF detection in
either PPG or ECG, while specificity could be improved
to 95.3% (95% CI, 84.2–99.4%) when positive results
were defined as AF detection in both PPG and ECG.

From a daily-based approach, sensitivities and specifici-
ties for AF detection were 92.9% (95% CI, 86.0–97.1%)
and 94.0% (95% CI, 91.4–96.0%) for PPG and 69.7%

Table 2. Smartwatch diagnostic efficacy for AF lasting longer than 5 minutes.

Sensitivity Specificity Accuracy PPV NPV

Cohen’s
kappa
coefficient

Individual-based analysis

PPG 100.0 (88.1–100.0) 83.7 (69.3–93.2) 90.3 (81.0–96.0) 80.6 (64.0–91.8) 100.0 (90.3–100.0) 0.806

ECG 89.7 (72.6–97.8) 67.4 (51.5–80.9) 76.4 (64.9–85.6) 65.0 (48.3–79.4) 90.6 (75.0–98.0) 0.538

PPG or ECGa 100.0 (88.1–100.0) 55.8 (39.9–70.9) 73.6 (61.9–83.3) 60.4 (45.3–74.2) 100.0 (85.8–100.0) 0.504

PPG and ECGb 89.7 (72.6–97.8) 95.3 (84.2–99.4) 93.1 (84.5–97.7) 92.9 (76.5–99.1) 93.2 (81.3–98.6) 0.855

Daily-based analysis

PPG 92.9 (86.0–97.1) 94.0 (91.4–96.0) 93.8 (91.4–95.7) 77.3 (68.7–84.5) 98.4 (96.7–99.3) 0.806

ECG 69.7 (59.6–78.5) 92.0 (89.1–94.3) 88.0 (84.9–90.6) 65.7 (55.8–74.7) 93.2 (90.5–95.4) 0.603

PPG or ECGa 98.0 (92.9–99.8) 87.5 (84.1–90.4) 89.4 (86.5–91.9) 63.4 (55.2–71.0) 99.5 (98.2–99.9) 0.705

PPG and ECGb 64.6 (54.4–74.0) 98.4 (96.8–99.4) 92.3 (89.8–94.4) 90.1 (80.7–95.9) 92.7 (89.9–94.8) 0.709

Results are presented with % (95% CI). Smartwatch diagnostic efficacies are evaluated from individual-based and daily-based analyses.
aPositive results are defined as AF detection in either PPG or ECG.
bPositive results are defined as AF detection in both PPG and ECG.
AF: atrial fibrillation, CI: confidence interval, ECG: electrocardiogram, NPV: negative predictive value, PPG: photoplethysmography, PPV: positive predictive
value.
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(95% CI, 59.6–78.5%) and 92.0% (95% CI, 89.1–94.3%)
for ECG algorithms.

From an episode-based analysis, 99 (69.7%) episodes
were identified as AF from PPG, and 43 (30.3%) were
missed, with 4 (2.8%) due to smartwatch non-wearing.
For ECG algorithms, 48 (33.8%) episodes were identified
as AF, and 94 (66.2%) were missed, with 92 (64.8%) due
to non-documentation. Sensitivities of PPG and ECG algo-
rithms were 69.7% (95% CI, 61.5–77.1%) and 33.8% (95%
CI, 26.1–42.2%) if non-wearing were regarded as negative

results, while 71.7% (95% CI, 63.5–79.1%) and 96.0%
(95% CI, 86.3–99.5%) if non-wearing were excluded.

Segment-based analysis and causes of false
readings

Smartwatch performances by segment-based analyses are
shown in Table 3. The numbers and percentages of AF,
not AF, poor signal quality, and unable to identify segments
were 16,473 (3.6%), 230,437 (50.9%), 201,673 (44.6%),
4083 (0.9%) for PPG algorithms, and 331 (12.4%), 1996
(74.7%), 316 (11.8%), 28 (1.0%) for ECG algorithms.
Diagnostic efficacy from segment-based analysis is shown
in Table 4.

Of the 835 false positive PPG segments, 570 (68.3%)
were due to atrial flutter with variable conduction, 136
(16.3%) were due to frequent premature atrial contractions
or atrial tachycardia, and 129 (15.4%) were due to sinus
arrhythmia. Among the 73 false positive ECG segments,
45 (61.6%) were due to signal artifacts, 18 (24.7%) were
due to atrial flutter with variable conduction, 5 (6.8%)
were due to sinus arrhythmia, 3 (4.1%) were due to frequent
premature atrial contractions and atrial tachycardia, and the
other 2 (2.7%) were in sinus rhythm without identifiable
reasons. Samples of false positives are shown in
Supplemental Figure S3. Both of the 207 false negative
PPG segments and 3 false negative ECG segments were
in AF rhythm.

Smartwatch performances according to AF durations

Sensitivities of smartwatch AF detection across different
AF durations are shown in Figure 1. Sensitivities for AF
episodes lasting from 0.5 to 5 minutes, 5 to 60 minutes, 1
to 24 hours, and longer than 24 hours were 23.3% (95%
CI, 20.1–26.7%), 64.8% (95% CI, 53.9–74.7%), 81.8%
(95% CI, 67.3–91.8%), and 100.0% (95% CI, 54.1–
100.0%) by PPG, while 0.5% (95% CI, 0.1–1.3%), 10.2%
(95% CI, 4.8–18.5%), 72.7% (95% CI, 57.2–85.0%), and
100.0% (95% CI, 54.1–100.0%) by smartwatch ECG.

Table 4. Smartwatch diagnostic efficacy by PPG and ECG segment-based analyses.

Sensitivity,
including
unrecognizable
segmentsa

Sensitivity,
excluding
unrecognizable
segmentsb PPV

Specificity,
including
unrecognizable
segmentsa

Specificity,
excluding
unrecognizable
segmentsb NPV

PPG 41.7 (41.2–42.2) 98.7 (98.5–98.8) 94.9 (94.5–95.2) 55.5 (55.3–55.6) 99.6 (99.6–99.7) 99.9 (99.9–99.9)

ECG 91.3 (87.4–94.4) 98.8 (96.6–99.8) 77.6 (72.7–82.0) 83.5 (81.9–84.9) 96.5 (95.6–97.2) 99.8 (99.6–100.0)

Results are presented with % (95% CI). For AF detection, sensitivity and PPV are calculated. For non-AF detection, specificity and NPV are calculated.
aPoor signal quality and unable to identify segments were included and regarded as negative results.
bPoor signal quality and unable to identify segments were excluded from the analysis.
AF: atrial fibrillation, CI: confidence interval, ECG: electrocardiogram, NPV: negative predictive value, PPG: photoplethysmography, PPV: positive predictive
value.

Table 3. Smartwatch performances by PPG and ECG segment-based
analyses.

Holter

AF Not AF

Transitions
between AF
and non-AF

PPG algorithm

AF 15,434 835 204

Not AF 207 229,846 384

Poor signal quality 18,525 182,763 385

Unable to identify 2853 962 268

ECG algorithm

AF 253 73 5

Not AF 3 1990 3

Poor signal quality 19 295 2

Unable to identify 2 26 0

AF: atrial fibrillation, ECG: electrocardiogram, PPG: photoplethysmography.
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Significant differences were found in sensitivities across
different AF durations (P< .001). ROC curve analyses are
shown in Figure 1, demonstrating that 1.358 and
16.708 minutes were optimal AF duration thresholds to
be identified by PPG and ECG algorithms.

PPG diagnostics by daily time periods

Segment-based PPG diagnostics according to daily time
periods are demonstrated in Figure 2 and compared
between day-time and night-time in Supplemental
Table S2. Significant differences (P< .001) were found in
sensitivity, specificity, and accuracy, which were likely
caused by different proportions of poor signal quality
between day-time and night-time. PPV and NPV were sat-
isfying all day long.

Smartwatch AF burden calculation

Correlations between AF burdens calculated from smart-
watch PPG or ECG and Holter are shown in Figure 3. A
stronger correlation was found in PPG (ρ= 0.877, P<
.001) than in smartwatch ECG (ρ= 0.769, P< .001).
Agreements between AF burdens calculated from the

smartwatch and Holter were excellent, with ICCs of
0.976 (95% CI, 0.962–0.985) and 0.927 (95% CI, 0.815–
0.964) for PPG and ECG algorithms. ROC curve analyses
demonstrated that 0.401% and 1.339% were optimal AF
burden thresholds to be identified by PPG and ECG algo-
rithms, as shown in Supplemental Figure S4.

Discussion
In this prospective study of AF patients, the Amazfit Health
Smartwatch demonstrated well-performed sensitivities but
modest specificities for AF detection. The PPG algorithms
outperformed smartwatch SL-ECG, and combinations of
algorithms could separately improve sensitivity or specifi-
city. From an episode-based analysis, the primary cause
of detection failure was smartwatch non-wearing or non-
recording. Both algorithms had excellent PPV for AF and
NPV for non-AF.

A preliminary study on single time point diagnostic per-
formances showed the Amazfit wearable’s promising
ability to detect AF.4 Statistics of smartwatch performances
in a real-world ambulatory setting are still warranted. Two
studies used ICM or CIED as references to evaluate smart-
watch performances to detect AF longer than 1 hour.5,6 Our

Figure 1. Smartwatch performances according to AF durations. Sensitivities of PPG (A) and smartwatch ECG (B) for AF lasting from 0.5 to
5 minutes, 5 to 60 minutes, 1 to 24 hours, and longer than 24 hours. ROC curve analyses demonstrate optimal AF duration thresholds to be
identified by PPG (C) and smartwatch ECG (D) are 1.358 and 16.708 minutes. AF: atrial fibrillation, ECG: electrocardiogram, PPG:
photoplethysmography, ROC: receiver operating characteristic.
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study used long-term Holter as references and shortened the
target AF duration to 5 minutes. Our research examined the
diagnostic efficacy from multiple perspectives and through
different settings. For AF burdens, despite SL-ECG being
collected intermittently and PPG being susceptible to
unanalyzable segments, strong correlations and agreements
were still found between AF burdens calculated from the
smartwatch and Holter, corroborating previous findings14,15

and supporting future use of smartwatch to estimate AF
burdens in real-world settings.

PPG has the advantage of passive and continuous moni-
toring to identify shorter AF episodes with better diagnostic
efficacy, compared with intermittently recorded smartwatch
ECG. Despite the merits, PPG is vulnerable to motion
artifacts and has the drawback of high proportions of unana-
lyzable data due to poor signal quality.13 In our study, nearly
half of the PPG outputs were inconclusive due to poor signal
quality or inability to identify. Sensitivity and specificity
were excellent when excluding these inconclusive segments,
while substantially minimized if included. Therefore,
improving PPG signal quality is crucial for enhancing smart-
watch performance. Similar to a previous study,14 variations
in proportions of unanalyzable segments between day-time
and night-time were found. This could be explained by the

associations between PPG analyzability and day-time activ-
ity level.16 For AF screening or detection, the smartwatch
may have better diagnostic efficacy for nocturnal AF.

In our study, both algorithms were susceptible to false-
positive outputs, which led to the modest specificity
results during individual-based analysis. PPG had lower
false-positive rates than smartwatch ECG, and the ECG
algorithm had greater percentages of false positives since
ECG segment analysis highly depends on the quality of
ECG tracings. False positives during AF screening could
cause anxiety and unnecessary costs, and the SMART
WARS study recommended clinician interpretations of
SL-ECG to improve accuracy.17 In our research, combining
PPG and ECG results could minimize the percentage of
false positives and increase specificity.

For AF patients, AF burden correlates with clinical out-
comes, including risks of stroke, heart failure, and mortal-
ity.18 Since many AF patients are asymptomatic, it is
difficult to estimate AF burden without monitors. The
smartwatch could facilitate AF burden measurements and
indicate prognostic values. Moreover, wearables could be
used for long-term rhythm monitoring in post-ablation AF
patients.19 For the general population, the smartwatch
could be used to screen for subclinical AF. Plenty of

Figure 2. PPG diagnostics according to daily time periods. Variations of PPG performances according to daily time periods, including the
percentage of poor signal quality segments (A), accuracy, sensitivity, specificity (B), PPV (C), and NPV (D). NPV: negative predictive value,
PPG: photoplethysmography, PPV: positive predictive value.
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studies have focused on the associations between subclin-
ical AF durations and outcomes. However, no consensus
has been reached on the optimal cutoff of subclinical AF
duration that impacts prognosis, ranging from 1 minute to
24 hours.11 Longer durations were correlated with
increased risks of adverse events, and most studies found
that subclinical AF lasting longer than 24 hours was asso-
ciated with the highest risks of adverse outcomes, including
stroke and major adverse cardiovascular events.20–23 In our
study, the smartwatch performed better in identifying
longer AF episodes. Therefore, the smartwatch could iden-
tify those subclinical AF episodes with worse prognostic
values, while the missed episodes have little impact on
prognosis. It is noteworthy that these studies were based
on subclinical AF found by CIEDs, and future results
of episodes detected by wearables are needed to
confirm the relationship between subclinical AF duration
and prognosis.

Despite these promising clinical implications, physicians
have considerable variations in responses to AF alerts
detected by smartwatches,24 and no randomized trials
have proven the prognostic benefits of AF screening from
commercialized devices.25 Standardized recommendations

for smartwatch-detected AF should be promoted. Future
randomized studies are needed to determine whether the
prospective use of smartwatches to monitor AF burden or
screen subclinical AF could improve the prognosis.
Moreover, how to enhance smartwatch performances with
shorter AF durations and during movements brings a chal-
lenge to future artificial intelligence algorithms.

Limitations

The study provided valuable results on smartwatch ECG
performances. However, smartwatch ECG performances
highly rely on measurement frequency and the symptomatic
nature of AF, which could lead to potential bias. Moreover,
PPV and NPV results were affected by the percentage of the
population who had AF during the study. Since more than
40% of our study population had AF episodes, the PPV and
NPV results should be taken cautiously when generalizing
smartwatch performances to the general population, with a
much lower prevalence rate of AF. Smartwatch non-
documentation or unanalyzable segments affect diagnostic
performances. The average AF burden in this study was
7.9%, high enough for some of the AF episodes to be recog-
nized despite non-documentation or unanalyzable seg-
ments. When generalizing the study results to populations
with lower AF burdens, unanalyzable segments or smart-
watch non-recording might have a greater impact on diag-
nostic performances. The most prominent risk factor for
AF is advancing age,26 and elderly patients are less adaptive
to digital health. It should be noted that the study population
was relatively young, with a mean age of 65.4. More data is
needed on whether the results apply to the real-world AF
population with a greater percentage of elderly patients.
Lastly, most patients wore the smartwatch for more than
18 hours daily. In real-world settings, patient noncompli-
ance could lead to less wear time and decreased diagnostic
performance. Future studies examining the diagnostic effi-
cacy through longer study periods are needed.

Conclusions
Using long-term Holter as the reference, wearable smart-
watch had satisfying qualitative and quantitative diagnostic
performances for continuous AF detection, while suscepti-
bility to false positives led to modest specificity. PPG was
susceptible to unanalyzable data, and its diagnostic perfor-
mances varied according to measuring time periods. The
smartwatch was quantitatively accurate for AF monitoring
and could be used to estimate AF burdens in clinical AF
patients.

Contributorship: Study design: EC and JJ. Software and data
analysis: YP. ECG interpretation: EC, SJ, and YP. Original
draft: YP. Editing and revision: EC, SJ, DH, ZD, JZ, JJ, JL, and

Figure 3. Scatterplots of AF burdens calculated from the
smartwatch and Holter. Scatterplots of AF burdens calculated from
Holter and PPG (A) or smartwatch ECG (B). Regression lines are in
black with gray areas representing 95% confidence intervals.
Spearman’s rank correlation coefficients are calculated. AF: atrial
fibrillation, ECG: electrocardiogram, PPG: photoplethysmography.
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