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Abstract

Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia and a major cause of ischemic stroke. Because AF is
frequently paroxysmal and asymptomatic, conventional short-term monitoring often fails to detect it. Wearable technologies
have emerged as promising tools for AF screening, but their diagnostic performance requires comprehensive evaluation. We
conducted a systematic review and diagnostic test accuracy meta-analysis following PRISMA-DTA guidelines. PubMed, Embase,
and the Cochrane Library were searched from inception to 25 February 2026 for prospective and retrospective studies using
electrocardiographic reference standards. Bivariate random-effects and Bayesian hierarchical models were used to pool diag-
nostic accuracy estimates. Fifty-one studies involving 33,374 participants from 15 countries were included. PPG-based smart-
watches demonstrated the highest sensitivity (96.3%) with specificity of 93.6%. ECG-based smartwatches achieved sensitivity
of 89.0% and specificity of 92.8% (DOR 103.9). Smartphone-based ECG devices showed the strongest overall diagnostic per-
formance, with sensitivity of 94.5%, specificity of 95.8%, DOR of 396.4, LR+ of 22.6, and LR- of 0.057. Smartphone-based PPG
applications achieved sensitivity of 92.0% and specificity of 91.9%. Apple Watch demonstrated sensitivity of 94.1% and speci-
ficity of 94.6%. Meta-regression revealed no statistically significant differences in diagnostic accuracy between device cate-
gories despite slightly higher point estimates for PPG-based smartwatches. No significant publication bias was detected (Deeks’
test, p=0.18). Wearable devices demonstrate excellent diagnostic accuracy for AF detection, particularly smartphone-based
ECG applications. These technologies support scalable AF screening and monitoring, although heterogeneity in study popu-

lations and diagnostic thresholds should be considered when applying these findings to routine clinical practice.
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Introduction

Atrial fibrillation (AF) is the most common sustained cardiac ar-
rhythmia and represents a major contributor to cardiovascular
morbidity and mortality worldwide. Recent epidemiological es-
timates suggest that more than 59 million individuals globally
are affected by AF, and the prevalence is expected to rise sub-
stantially as populations age and cardiovascular risk factors in-
crease.! AF is associated with a five-fold increased risk of
ischemic stroke, as well as increased risks of heart failure and
all-cause mortality, making early detection and treatment es-
sential for preventing adverse outcomes.??

Despite its clinical importance, AF often remains undiagnosed
because many episodes are paroxysmal or asymptomatic, oc-
curring intermittently and therefore escaping detection during
routine clinical assessments. Conventional diagnostic strate-
gies, such as standard 12-lead electrocardiography (ECG) or
short-term Holter monitoring, provide only limited monitoring
windows and may fail to capture transient arrhythmic
episodes. Although prolonged monitoring with implantable or
extended ECG devices can improve AF detection rates, these
methods are costly, invasive, and impractical for large-scale
population screening.*

Advances in mobile health technologies have led to the rapid
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development of wearable devices capable of detecting AF in
ambulatory settings, offering a potentially scalable approach for
early arrhythmia identification. These technologies generally
rely on two principal physiological sensing modalities: ECG and
photoplethysmography (PPG). ECG-based devices measure the
electrical activity of the heart directly and are commonly incor-
porated into handheld or smartphone-connected single-lead
ECG systems. Devices such as the KardiaMobile platform have
demonstrated promising diagnostic accuracy for AF detection
in several validation studies, including those conducted by Him-
melreich et al.® and Bumgarner et al.,® in which single-lead ECG
recordings obtained through consumer devices were compared
with standard clinical ECG references. Similarly, intermittent
handheld ECG screening strategies have been evaluated for AF
detection in community populations, with studies such as that
by Svennberg et al.” demonstrating the feasibility of repeated
ECG recordings for identifying previously undiagnosed AF.

In contrast, PPG-based technologies detect AF indirectly by an-
alyzing pulse wave variability using optical sensors that measure
changes in peripheral blood volume. These sensors are widely
integrated into consumer wearables such as smartwatches and
fitness trackers, allowing continuous or semi-continuous mon-
itoring of heart rhythm. Several studies have demonstrated the
ability of smartwatch-derived PPG signals to detect AF with high
diagnostic accuracy. For example, Tison et al.® showed that ir-
regular pulse detection using smartwatch PPG data could iden-
tify AF with high sensitivity and specificity when validated
against simultaneous ECG recordings. Additional studies using
smartphone-based PPG applications, such as those by Mc-
Manus et al., Rozen et al., and Proesmans et al.,>** have further
demonstrated that pulse waveform analysis obtained through
mobile devices can effectively differentiate AF from sinus
rhythm. These findings highlight the growing potential of wear-
able technologies to facilitate AF detection outside traditional
clinical settings.

The rapid expansion of consumer wearable devices has gener-
ated significant interest in their role in AF screening and long-
term rhythm monitoring. Large-scale observational studies and
validation trials have evaluated a wide range of wearable plat-
forms, including smartphone-based ECG devices, smartwatch-
integrated ECG systems, wrist-worn PPG sensors, and
smartphone camera-based pulse detection technologies. How-
ever, existing studies vary substantially in device type, signal ac-
quisition method, study design, and population characteristics,
making direct comparisons difficult. Furthermore, many valida-
tion studies have been conducted in selected patient popula-
tions or controlled clinical environments, such as cardioversion
cohorts, which may not reflect real-world screening scenarios.
Although several individual validation studies and narrative re-
views have explored wearable AF detection technologies, the
overall diagnostic accuracy of these devices across different
technological platforms remains uncertain. In particular, it is un-
clear how the diagnostic performance of wearable ECG-based
devices compares with that of PPG-based monitoring systems
and other emerging wearable technologies. A comprehensive
synthesis of available evidence is therefore needed to better un-
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derstand the reliability and clinical applicability of these tools.
Accordingly, the aim of the present study is to perform a sys-
tematic review and diagnostic meta-analysis evaluating the ac-
curacy of wearable devices for the detection of atrial fibrillation.
By pooling evidence from studies evaluating smartphone-based
ECG devices, smartwatch-derived PPG monitoring systems, and
other wearable sensor technologies, this analysis seeks to pro-
vide robust estimates of diagnostic performance and to explore
potential sources of heterogeneity across device categories.
Such evidence may help clarify the role of wearable technolo-
gies in AF screening and inform future strategies for digital car-
diovascular monitoring.

Methodology
Study design and reporting

This study was conducted as a systematic review and diagnostic
test accuracy (DTA) meta-analysis to evaluate the accuracy of
wearable devices for the detection of cardiac arrhythmias. The
review followed a predefined protocol and was conducted and
reported in accordance with the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses of Diagnostic Test Accu-
racy Studies (PRISMA-DTA) guidelines.'? The protocol for this
systematic review and meta-analysis was prospectively regis-
tered on the Open Science Framework (OSF) platform. The reg-
istration is publicly accessible at https://osf.io/4kvdp/overview.

Database search

A comprehensive and systematic literature search was per-
formed to identify diagnostic accuracy studies evaluating wear-
able devices for atrial fibrillation detection. Electronic
databases, including PubMed/MEDLINE, Embase, and the
Cochrane Library, were searched from the inception of the data-
bases to the most recent search date prior to analysis.

The search strategy combined controlled vocabulary terms and
free-text keywords related to wearable technologies and cardiac
arrhythmias. Core search terms included variations of wearable
devices (e.g., smartwatch, fitness tracker, handheld ECG, ECG
patch, photoplethysmography, PPG devices, portable ECG,
smartphone-based devices) and arrhythmia-related terms (e.g.,
atrial fibrillation, cardiac arrhythmia, rhythm disorder, arrhyth-
mia detection). The full search strategy is provided in the Sup-
plementary Material. Reference lists of included studies and
relevant reviews were manually screened to identify additional
eligible studies.

Eligibility criteria

Studies were eligible for inclusion if they were prospective or
retrospective diagnostic accuracy studies evaluating wearable
or smartphone-based devices for the detection of atrial fibrilla-
tion in adults (=18 years).!® Studies were required to use a clin-
ically accepted electrocardiographic reference standard, such
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as 12-lead ECG, Holter monitoring, or physician-adjudicated ECG
interpretation.

Studies reporting sufficient data to construct 2x2 contingency
tables (true positives, false positives, false negatives, true neg-
atives) or directly reporting sensitivity and specificity were in-
cluded. Publication bias was assessed using Deeks' funnel plot
asymmetry test, with p<0.10 indicating potential bias. Random-
ized controlled trials, cohort studies, and cross-sectional diag-
nostic studies were all considered eligible if they met diagnostic
accuracy criteria.

Studies were excluded if they were reviews, editorials, case re-
ports, conference abstracts without full data, or if they relied
solely on automated reference standards without clinical con-
firmation.

Index tests and device classification

Devices were categorized into four groups based on sensing
modality and platform: ECG-based smartwatch devices, PPG-
based smartwatch devices, smartphone-based ECG devices, and
smartphone-based PPG applications. This classification was ap-
plied consistently across all analyses to enable comparison of
diagnostic performance across device types.

Reference standard

The reference standard for arrhythmia diagnosis across included
studies was conventional electrocardiographic assessment, in-
cluding 12-lead ECG, Holter monitoring, or rhythm adjudication
by qualified healthcare professionals. Studies in which arrhyth-
mia diagnosis was based solely on automated interpretation
without clinician confirmation were excluded.

Because AF is frequently paroxysmal, the timing of the reference
standard relative to the index test was also recorded during data
extraction and considered when interpreting pooled estimates.
Studies were classified according to whether the reference stan-
dard was obtained simultaneously with the index test (e.g., con-
current Holter or continuous ECG telemetry worn alongside the
wearable device) or sequentially/intermittently (e.g., a separate
short-duration ECG obtained before or after index testing, or
spot-check comparisons). Simultaneous recording allows direct
beat-to-beat or episode-level comparison between the index
test and reference standard, whereas sequential or intermittent
designs are more susceptible to underestimating diagnostic ac-
curacy because a transient AF episode captured by one method
may not be present during the recording window of the other.
This distinction is noted narratively where reported by study au-
thors (Section 3.2 and Supplementary Table S2) and is discussed
further as a source of heterogeneity (Section 4.4) and as a lim-
itation (Section 4.6), since it was not consistently or explicitly
reported across studies and could therefore not be incorporated
as a formal subgroup or meta-regression variable.

Handling of non-interpretable tracings and signal artifacts was
also extracted where reported. Approaches varied across stud-
ies: some explicitly excluded uninterpretable or artifact-cor-
rupted recordings from the denominator prior to calculating
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sensitivity and specificity, while others retained them and adju-
dicated them as false negatives (if the device returned an incon-
clusive or “unclassified” reading for a true AF episode) or, less
commonly, as false positives. Because this handling was incon-
sistently reported and not uniformly applied across the included
studies, we did not re-derive contingency tables to harmonize
this classification; pooled estimates therefore reflect each
study’s original treatment of non-interpretable data. This repre-
sents an important source of variability in real-world device per-
formance and is addressed further in Sections 4.4 and 4.6.

Data extraction

Two reviewers independently extracted data using a standard-
ized data extraction form. Extracted variables included study
characteristics, participant characteristics, device type, refer-
ence standard, and diagnostic accuracy outcomes. Sensitivity
and specificity were extracted directly when reported or cal-
culated from available data where necessary. Discrepancies
were resolved through discussion or consultation with a third
reviewer.

Quality assessment

The methodological quality and risk of bias of included studies
were independently assessed using the Quality Assessment of
Diagnostic Accuracy Studies-2 (QUADAS-2) tool.* Risk of bias
was evaluated across four domains: patient selection, index test,
reference standard, and flow and timing. Applicability concerns
were assessed for patient selection, index test, and reference
standard.

Statistical analysis

Between-study heterogeneity was assessed through visual in-
spection of forest plots and hierarchical summary receiver op-
erating characteristic (HSROC) curves, as well as estimation of
between-study variance parameters. Although I? is not routinely
recommended for diagnostic meta-analyses, variability was in-
terpreted using prediction regions and random-effects param-
eters.

Meta-regression analyses were conducted to evaluate the effect
of device type on diagnostic performance. Statistical signifi-
cance was assessed using likelihood ratio tests. For analyses in-
volving smartphone-based PPG applications, a Bayesian
hierarchical model was employed to account for sparse data and
variability. Non-informative priors were used, and model con-
vergence was assessed using standard diagnostic criteria.

Results
Study selection

A total of 274 records were identified through database
searches. After removing 36 records prior to screening—which

Global Cardiology 2026
10.4081/cardio.2026.120



264

A. Abbas et al.

included duplicate records (n=23), records marked as ineligible
by automation tools (n=4), and records removed for other rea-
sons (n=9)—238 records remained for initial screening. Follow-
ing the screening of titles and abstracts, 124 records were
excluded. Of the 114 reports sought for retrieval, 109 were suc-
cessfully retrieved and assessed for eligibility. Five reports could
not be retrieved. Upon full-text assessment, 58 reports were
excluded for the following reasons: different population (n=42),
required intervention not present (n=12), and wrong study type
(n=4). Ultimately, 51 new studies met the inclusion criteria and
were included in the review. The search strategy is summarized
in Supplementary Table S1. Study selection is shown in Figure 1
in the PRISMA flow diagram.

Study characteristics

A total of 51 studies comprising 33,374 participants were in-
cluded in the analysis. Study designs included prospective diag-
nostic studies, retrospective analyses, and validation cohorts,
encompassing both wearable and smartphone-based devices
for the detection of AF. The studies were conducted across mul-
tiple countries, including the USA, France, Switzerland, the
Netherlands, Norway, Taiwan, Hong Kong, Japan, Saudi Arabia,
Turkey, Finland, China, Australia, Belgium, and the UK. Sample
sizes ranged widely, from small pilot studies with 20 participants
(e.g., Bonomi et al.)™ to large population-based cohorts exceed-
ing 10,000 participants (Chan et al.).X® The mean age of partici-

Identification of new studies via databases and registers

Records identified from:
Databases (n = 274)
Registers (n= 0)

Identification

Records removed before screening:
Duplicate records (n = 23)
Records marked as ineligible by automation
tools (n = 4)

Records removed for other reasons (n = 9)

Records screened Records excluded
(n=238) ’ (n=124)
Reports sought for retrieval Reports not retrieved
i (n=114) B (n =5)
A J Reports excluded:
Reports assessed for eligibility Different population (n = 42)
(n=109) required intervention not present (n = 12)
wrong study type (n = 4)
Y
New studies included in review
§ (n=51)
= Reports of new included studies
£ (n=0)

Figure 1. Prisma flow diagram.
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pants varied from 36 years (Haberman et al.)*’ to 78.6 years
(Chan et al.),*® with a majority of studies including predomi-
nantly male populations, although the proportion of male par-
ticipants ranged from 17% to 83%.

The included studies evaluated a variety of wearable and smart-
phone-based sensors, including photoplethysmography (PPG)
smartwatches, ECG smartwatches (Apple Watch, Samsung,
Withings, Fitbit, KardiaBand), and smartphone-based ECG or
PPG applications. Some studies used multiple device types
within the same cohort. PPG-based wearables were frequently
used in prospective studies, with ECG-based smartwatches pre-
dominantly assessed in clinical diagnostic validation studies.
Smartphone-based devices utilized either PPG (facial or finger-
tip) or single-lead ECG modalities.

Gold-standard comparators varied across studies, with the ma-
jority using 12-lead ECG interpreted by cardiologists, followed
by 24-hour or 7-day Holter ECG, telemetry, or implantable car-
diac monitors (e.g., Reveal LINQ). AF detection protocols ranged
from short-duration recordings (30—60 seconds) to continuous
monitoring over several days, reflecting heterogeneity in diag-
nostic approaches. Overall, the included studies provide a com-
prehensive evaluation of the accuracy and feasibility of
wearable and smartphone-based technologies for AF detection
across diverse populations, age groups, and clinical settings. Re-
sults are summarized in Supplementary Table S2.

Quality assessment (QUADAS-2)

The methodological quality of the included studies was assessed
using the QUADAS-2 tool across four domains: patient selection,
index test, reference standard, and flow and timing, along with
three domains evaluating applicability concerns.

Overall, the included studies demonstrated low risk of bias
across most domains, indicating generally high methodological
quality. The patient selection domain was judged to be at low
risk of bias in all included studies, reflecting appropriate sam-
pling strategies and avoidance of inappropriate exclusions.
Similarly, the index test domain showed predominantly low
risk of bias, with only a small number of studies rated as having
unclear risk due to insufficient reporting of blinding or pre-
specified thresholds. Results are summarized in Supplemen-
tary Table S3.

For the reference standard domain, most studies were consid-
ered low risk; however, a minority were rated as having unclear
risk of bias, primarily due to limited detail regarding blinding of
outcome assessors or the exact criteria used for atrial fibrillation
diagnosis. The flow and timing domain was also largely assessed
as low risk, although a few studies were categorized as unclear
due to incomplete reporting of the interval between index test-
ing and reference standard assessment or potential patient ex-
clusions from the final analysis.

Regarding applicability concerns, most studies were judged to
have low concern across all domains. However, a small propor-
tion of studies demonstrated unclear applicability in the index
test and reference standard domains, largely due to variations
in device algorithms, implementation settings, or lack of clarity
regarding clinical applicability to general population screening.

OPEN 8ACCESS

Overall, most studies demonstrated low to moderate risk of bias
across QUADAS-2 domains. However, several concerns were
identified. Patient selection bias was present in studies enrolling
highly selected populations, such as patients undergoing car-
dioversion or clinical arrhythmia evaluation, which may limit
generalizability. Additionally, variability in index test thresholds
and incomplete reporting of blinding procedures contributed to
unclear risk in some studies. These factors suggest the possibil-
ity of spectrum bias and should be considered when interpret-
ing pooled estimates.

Photoplethysmography-based smartwatches

Diagnostic accuracy estimates for PPG-based smartwatch de-
vices are summarized in Supplementary Table S4. The pooled
sensitivity was 96.3%, while the pooled specificity was 93.6%,
indicating high diagnostic accuracy for detecting atrial fibrilla-
tion (AF). The corresponding negative likelihood ratio was 0.039,
suggesting a low probability of AF in cases with a negative test
result. Visual inspection of the hierarchical summary receiver
operating characteristic (HSROC) plot demonstrated notable
heterogeneity, with individual study estimates dispersed around
the pooled summary point (Supplementary Figure S1). The 95%
confidence region surrounding the summary estimate was rel-
atively narrow, indicating precision in the pooled estimate. How-
ever, the 95% prediction region was broader, reflecting
substantial between-study variability in diagnostic performance
(Supplementary Figure S2).

Electrocardiography-based smartwatches

Diagnostic accuracy estimates for ECG-based smartwatch de-
vices are summarized in Supplementary Table S4. The pooled
sensitivity was 89.0% (95% Cl: 84.7-92.2%), while the pooled
specificity was 92.8% (95% Cl: 89.2—95.3%), indicating good di-
agnostic performance for detecting atrial fibrillation (AF) (Sup-
plementary Figures S3 and S4). The false positive rate was 7.2%
(95% Cl: 4.7-10.8%). The pooled diagnostic odds ratio was
103.93 (95% Cl: 53.12—-203.34), demonstrating strong overall
discriminatory ability of the devices, although lower than pre-
viously observed estimates.

The positive likelihood ratio was 12.35 (95% Cl: 8.05-18.92), in-
dicating a moderate to strong increase in the probability of AF
following a positive test result. Conversely, the negative likeli-
hood ratio was 0.119 (95% Cl: 0.084-0.168), suggesting that a
negative test result substantially reduces, but does not elimi-
nate, the probability of AF.

Visual inspection of the HSROC plot demonstrated notable het-
erogeneity, with individual study estimates dispersed around
the pooled summary point (Supplementary Figure S5). The 95%
confidence region surrounding the summary estimate was rel-
atively narrow, indicating reasonable precision in the pooled es-
timates. However, the 95% prediction region was broader,
reflecting considerable between-study variability in diagnostic
performance. The estimated correlation between random ef-
fects was 0.388, suggesting the presence of a moderate thresh-
old effect across studies.
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Smartphone-based electrocardiography devices

Diagnostic accuracy estimates for smartphone-based ECG de-
vices are summarized in Supplementary Table S4 The pooled
sensitivity was 94.5% (95% Cl: 89.6-97.2%), while the pooled
specificity was 95.8% (95% Cl: 93.3—97.4%), indicating high di-
agnostic accuracy for detecting atrial fibrillation (AF) (Supple-
mentary Figure S6). The false positive rate was 4.2% (95% Cl:
2.6-6.7%). The pooled diagnostic odds ratio was 396.39 (95%
Cl: 180.14-872.27), reflecting strong overall discriminatory per-
formance.

The positive likelihood ratio was 22.63 (95% Cl: 14.12—-36.26),
indicating a substantial increase in the probability of AF follow-
ing a positive test result. Conversely, the negative likelihood
ratio was 0.057 (95% Cl: 0.030-0.110), suggesting a low proba-
bility of AF in cases with a negative test result.

Visual inspection of the HSROC plot demonstrated notable het-
erogeneity, with individual study estimates dispersed around
the pooled summary point (Supplementary Figure S7). The 95%
confidence region surrounding the summary estimate was rel-
atively narrow, indicating good precision in the pooled esti-
mates. However, the 95% prediction region was broader,
reflecting considerable between-study variability in diagnostic
performance. The estimated correlation between random ef-
fects was —0.215, suggesting a mild inverse relationship and lim-
ited evidence of a threshold effect across studies.

Smartphone-based photoplethysmography
applications

Diagnostic accuracy estimates derived from the Bayesian hier-
archical model are summarized in Table S4. The pooled sensi-
tivity was 92.0% (95% posterior interval: 85.3—95.5%), while the
pooled specificity was 91.9% (95% posterior interval: 83.5—
95.9%), indicating good overall diagnostic performance for de-
tecting AF (Supplementary Figures S8 and S9). The
corresponding false positive rate was 8.1% (95% posterior in-
terval: 4.1-16.5%). The pooled diagnostic odds ratio was 128.14
(95% posterior interval: 35.84-397.36), reflecting moderate to
strong discriminatory ability. HSROC plot is shown in Supple-
mentary Figure S10

The positive likelihood ratio was 11.34 (95% posterior interval:
5.34-22.53), indicating a meaningful increase in the probability
of AF following a positive test result. Conversely, the negative
likelihood ratio was 0.087 (95% posterior interval: 0.048-0.169),
suggesting that a negative test result substantially reduces the
probability of AF, although not to negligible levels.

On the logit scale, the posterior median for sensitivity (1) was
2.438 (95% posterior interval: 1.759-3.052), and for specificity
(Mo) was 2.429 (95% posterior interval: 1.623-3.143). Substan-
tial between-study heterogeneity was observed, with between-
study standard deviations of 0.826 for logit sensitivity and 0.899
for logit specificity. The estimated between-study correlation
was 0.679 (95% posterior interval: 0.029-0.961), indicating a
strong positive association and suggesting the presence of a
threshold effect across studies.
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The estimated accuracy parameter (A) was 4.936 (95% posterior
interval: 3.700-6.110), while the cutpoint parameter (©) was
0.103 (95% posterior interval: -0.842 to 1.039). The shape pa-
rameter (B) was 0.087 (95% posterior interval: —0.610 to 0.796),
indicating no strong asymmetry in the summary receiver oper-
ating characteristic curve. The variability in cutpoint and accu-
racy parameters was reflected by standard deviations of 0.116
and 0.464, respectively, further supporting the presence of be-
tween-study heterogeneity.

Device-specific analysis: Apple watch

Diagnostic accuracy estimates for Apple Watch devices are sum-
marized in Table S4. The pooled sensitivity was 94.1% (95% Cl:
90.0-96.6%), while the pooled specificity was 94.6% (95% Cl:
89.1-97.4%), indicating high diagnostic accuracy for detecting
atrial fibrillation (AF). The false positive rate was 5.4% (95% Cl:
2.6—-10.9%). The pooled diagnostic odds ratio was 282.36 (95%
Cl: 103.68-769.00), demonstrating strong overall discriminatory
performance (Supplementary Figure S11).

The positive likelihood ratio was 17.49 (95% Cl: 8.42—36.32), in-
dicating a substantial increase in the probability of AF following
a positive test result. Conversely, the negative likelihood ratio
was 0.062 (95% Cl: 0.036-0.108), suggesting a low probability
of AF in cases with a negative test result.

Visual inspection of the HSROC plot demonstrated notable
heterogeneity, with individual study estimates dispersed
around the pooled summary point (Supplementary Figure
S12). The 95% confidence region surrounding the summary
estimate was relatively narrow, indicating good precision in
the pooled estimates. However, the 95% prediction region was
broader, reflecting considerable between-study variability in
diagnostic performance. The estimated correlation between
random effects was 0.111, suggesting a minimal threshold ef-
fect across studies.

Regression analysis
Meta-regression analysis by device type

A meta-regression analysis was conducted to evaluate whether
diagnostic performance differed according to device type (ECG
smartwatch, PPG smartwatch, smartphone ECG, and smart-
phone PPG). The summary receiver operating characteristic
(SROC) curves demonstrated high overall diagnostic accuracy
across all device categories, with curves clustered toward the
upper-left corner of the ROC space (Supplementary Figure S13).
The accuracy plot is given in Figure S14. Tables S5, S6, and S7
summarize the regression outcomes.

Among the evaluated modalities, PPG smartwatches showed
the highest clustering near the top-left region, indicating con-
sistently high sensitivity and specificity with minimal variability.
ECG smartwatches demonstrated similarly high diagnostic per-
formance but with slightly greater dispersion, particularly in
specificity. Smartphone ECG devices exhibited good sensitivity
but comparatively wider variability in specificity, as reflected by
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broader confidence regions. Smartphone PPG showed the
widest spread of confidence and prediction regions, indicating
greater heterogeneity and comparatively lower and less consis-
tent diagnostic performance.

The overlap of confidence and prediction regions across all de-
vice types suggests that differences in diagnostic accuracy be-
tween modalities were not statistically significant, although
trends favored wearable smartwatch-based technologies—par-
ticularly PPG-based systems.

Publication bias

Deeks' funnel plot asymmetry test did not show statistically sig-
nificant evidence of publication bias (p=0.18). The funnel plot
appeared approximately symmetrical on visual inspection, sug-
gesting a low likelihood of small-study effects (Supplementary
Figure S15). However, these findings should be interpreted cau-
tiously due to between-study heterogeneity.

Discussion
Principal findings

In this systematic review and diagnostic meta-analysis, wearable
technologies demonstrated high overall accuracy for detecting
AF across multiple device types, including smartwatch- and
smartphone-based ECG and PPG systems. Pooled sensitivity
ranged from 89.0% to 96.3%, while specificity ranged from
91.9% to 95.8%, indicating a strong ability to both detect AF and
exclude non-AF rhythms.

PPG-based smartwatches showed the highest sensitivity, sup-
porting their role in initial AF detection, whereas ECG-based
smartphone devices demonstrated the highest specificity and
diagnostic odds ratios, highlighting their utility in confirming AF.
ECG smartwatches showed comparatively lower performance,
particularly for ruling out AF, while PPG smartphone applica-
tions exhibited greater variability across studies.

The Apple Watch—specific analysis demonstrated consistently
high diagnostic accuracy, comparable to other leading device
categories. Across all groups, heterogeneity and variable thresh-
old effects were observed, reflecting differences in study popu-
lations, device algorithms, and implementation as noted in
several contemporary meta-analyses.'2°

Comparison with existing studies

The findings of the present meta-analysis are consistent with a
growing body of literature demonstrating the high diagnostic
accuracy of wearable technologies for atrial fibrillation detec-
tion. Early investigations by Himmelreich et al. and Haberman
et al. reported that smartphone-operated single-lead ECG de-
vices reliably detect rhythm abnormalities in primary care set-
tings.*> These findings were further validated by studies
demonstrating that patient-operated recordings could achieve
high-quality tracings equivalent to clinical Lead | standards.?*
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Similarly, Bumgarner et al.® reported high diagnostic accuracy
of smartwatch-based algorithms capable of automatically de-
tecting AF using single-lead ECG recordings obtained from con-
sumer wearable devices.

PPG-based approaches have also been widely validated. Initial
work demonstrated the feasibility of identifying irregular pulse
rhythms suggestive of AF using smartphone cameras.® Subse-
guent research confirmed that smartphone applications could
accurately differentiate AF from sinus rhythm in both clinical
and community populations.1®12223 Recent innovations have
expanded this to contactless sensing; researchers have demon-
strated the feasibility of using facial and fingertip PPG with high
diagnostic precision.?*?¢ In the smartwatch domain, Tison et al.®
and Wasserlauf et al.”’ showed that passive monitoring achieves
high accuracy compared to continuous ECG reference stan-
dards. A systematic review and meta-analysis evaluating smart-
phone-based PPG detection further reported pooled sensitivity
and specificity exceeding 90%, supporting the diagnostic relia-
bility of these technologies when validated against ECG refer-
ence standards.?® These findings are consistent with the high
sensitivity observed for smartphone PPG applications in the
present study.

Recent meta-analyses evaluating wearable AF detection tech-
nologies have reported similar diagnostic performance across
device platforms. A systematic review including multiple smart
devices found pooled sensitivities of approximately 94% and
specificities around 96% for smartphone and smartwatch-based
AF detection systems, indicating comparable accuracy between
PPG-based and ECG-based technologies.*® Similarly, a more re-
cent meta-analysis comparing ECG-based and PPG-based smart-
watches reported a pooled sensitivity of approximately 97% and
a specificity of 96%, further supporting the strong diagnostic ca-
pabilities of modern wearable devices.*

Smartwatch-based monitoring systems have demonstrated high
diagnostic accuracy in both observational and validation studies.
Passive AF detection using smartwatch-derived PPG signals
achieves high sensitivity when validated against simultaneous
ECG monitoring.®*>?” Recent investigations using machine-learn-
ing algorithms applied to wrist-worn sensors have reported sim-
ilarly strong performance.?*3! Continuous monitoring via these
platforms allows for the capture of paroxysmal events that
might otherwise be missed.3?

Large-scale screening studies have also provided evidence for
the potential population-level impact of wearable AF detection
technologies. The STROKESTOP trial” demonstrated that inter-
mittent handheld ECG screening in older adults significantly in-
creased the detection of previously undiagnosed AF, enabling
earlier initiation of anticoagulation therapy for stroke preven-
tion. Likewise, the mSToPS trial showed that home-based mon-
itoring using wearable ECG patches significantly increased AF
detection compared with routine clinical care.®®* These studies
highlight the potential role of wearable technologies not only
for arrhythmia monitoring but also for large-scale AF screening
initiatives. Additional evidence confirms the high diagnostic
yield of smartwatches in real-world outpatient settings.3*%¢ Fi-
nally, Chang et al.*” highlighted that Al-enabled ECG interpreta-
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tion significantly enhances diagnostic stability across varying pa-
tient conditions.

More recently, smartwatch platforms incorporating integrated
ECG functionality have been evaluated in dedicated validation
studies. Investigations evaluating Apple Watch—based rhythm
detection algorithms have demonstrated high diagnostic accu-
racy when compared with physician-adjudicated ECG record-
ings.®¥4% Contemporary meta-analyses similarly report pooled
sensitivities of approximately 95% and specificities of approxi-
mately 97% across smartwatch platforms,? further supporting
their potential utility for AF detection in ambulatory popula-
tions.

Collectively, the findings of the present study align with previous
validation studies and meta-analyses demonstrating that wear-
able ECG and PPG technologies provide reliable detection of
atrial fibrillation. However, differences in study populations,
monitoring strategies, and algorithmic approaches continue to
contribute to heterogeneity across studies.

Clinical implications

These findings have important implications for the evolving role
of digital health in cardiovascular care. Early detection of AF is
critical for preventing thromboembolic complications, particu-
larly ischemic stroke, and wearables help bridge the diagnostic
gap for paroxysmal episodes. However, conventional diagnostic
approaches often fail to detect paroxysmal or asymptomatic AF
episodes due to limited monitoring durations. Wearable tech-
nologies capable of continuous or intermittent rhythm moni-
toring may help bridge this diagnostic gap by enabling
prolonged surveillance outside traditional healthcare settings.
Smartphone-based and smartwatch-integrated technologies
offer several practical advantages for AF detection, including
widespread availability, noninvasive monitoring, and the ability
to collect longitudinal rhythm data in real-world environments.
These features may facilitate large-scale screening programs,
particularly in populations at increased risk of AF, such as older
adults or individuals with cardiovascular comorbidities.*** Fur-
thermore, integration of wearable monitoring data with
telemedicine platforms and electronic health records may en-
able more efficient clinical workflows and earlier diagnostic
evaluation of suspected arrhythmias.

Importantly, the high specificity observed in passive monitoring
devices suggests that wearable technologies may effectively
minimize unnecessary clinical evaluations resulting from false-
positive alerts. Positive test results from wearable monitoring
systems are highly informative and warrant confirmatory clinical
evaluation. This is particularly relevant for continuous monitor-
ing systems, where even modest false-positive rates could lead
to large numbers of unnecessary diagnostic investigations.

Sources of heterogeneity
Despite high accuracy, heterogeneity was present across several

analyses. Variability likely reflects differences in study popula-
tions, such as highly controlled cardioversion cohorts versus
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general population settings. Motion artifacts and signal noise
during daily activities can significantly impact PPG accuracy
compared to resting conditions. Additionally, biological factors
such as skin pigmentation and peripheral perfusion, along with
the presence of premature contractions, can influence diagnos-
tic performance.

An additional source of heterogeneity relates to differences in
study setting. Several included studies were conducted in
highly controlled clinical environments, such as cardioversion
units or specialized arrhythmia clinics, whereas others evalu-
ated wearable devices in ambulatory or community-based
screening populations. Patients enrolled in clinical validation
cohorts generally have a higher pre-test probability of atrial
fibrillation, more sustained arrhythmia episodes, and con-
trolled recording conditions, all of which may enhance diag-
nostic performance. In contrast, community screening studies
evaluate individuals with lower disease prevalence, greater
motion-related signal artifacts, and a higher likelihood of in-
termittent or asymptomatic atrial fibrillation, potentially re-
sulting in lower sensitivity and specificity. Although diagnostic
performance remained high across both settings, modest dif-
ferences in pooled estimates suggest that study setting con-
tributes to between-study heterogeneity and should be
considered when interpreting the applicability of wearable
technologies in routine clinical practice.

Differences in reference standard implementation may have
also contributed to heterogeneity. Although all included stud-
ies confirmed atrial fibrillation using electrocardiographic ref-
erence standards on the same day as wearable device
assessment, the reference recordings were obtained sequen-
tially rather than simultaneously. Given the paroxysmal nature
of atrial fibrillation, spontaneous rhythm conversion between
index testing and reference standard acquisition may have re-
sulted in apparent diagnostic disagreement despite appropri-
ate device performance. Consequently, some discordant
results may reflect temporal variation in cardiac rhythm rather
than true device inaccuracy. Future diagnostic validation stud-
ies should preferentially employ simultaneous wearable and
reference electrocardiographic recordings to minimize this po-
tential source of bias.

Impact of device type on diagnostic performance

In this meta-analysis, meta-regression based on device type
did not demonstrate statistically significant differences in di-
agnostic accuracy between modalities. However, important
trends were observed.

Wearable smartwatch-based technologies, particularly PPG
smartwatches, demonstrated more consistent and reliable
performance, likely due to continuous monitoring capabilities,
improved sensor quality, and better signal acquisition under
real-world conditions. In contrast, smartphone-based ap-
proaches, especially PPG-based applications, exhibited greater
variability, which may be attributed to user dependency, in-
consistent measurement conditions, and susceptibility to mo-
tion artifacts.
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ECG-based modalities, both in smartwatches and smart-
phones, showed high specificity, reflecting their ability to di-
rectly capture cardiac electrical activity. However, their
performance may be limited by intermittent use and user ad-
herence.

Although these findings suggest a potential advantage of
smartwatch-based systems, the lack of statistically significant
differences indicates that all device types provide clinically
useful diagnostic accuracy for atrial fibrillation detection. The
observed heterogeneity highlights the importance of consid-
ering device characteristics, patient population, and real-world
usability when selecting screening tools. Future studies with
standardized protocols and head-to-head comparisons are
needed to better delineate the relative performance of these
technologies.

Strengths and limitations

This study has several strengths. First, we performed a com-
prehensive systematic review and diagnostic meta-analysis
synthesizing evidence across multiple wearable technology
platforms. Second, the use of a bivariate random-effects
model allowed simultaneous estimation of pooled sensitivity
and specificity while accounting for between-study hetero-
geneity. Third, the inclusion of hierarchical summary receiver
operating characteristic analyses enabled robust evaluation of
overall diagnostic performance across device categories.
Several limitations should also be considered. Many included
studies were conducted in selected populations, including
patients undergoing cardioversion or clinical arrhythmia eval-
uation, which may limit generalizability to population-based
screening settings. Additionally, heterogeneity in device al-
gorithms, monitoring protocols, and reference standards
across studies may influence pooled diagnostic estimates. A
related limitation is that included studies did not consistently
report whether the reference standard was obtained simul-
taneously with, or sequentially/intermittently from, the
index test; given the paroxysmal nature of AF, sequential de-
signs are likely to underestimate diagnostic accuracy for rea-
sons unrelated to true device performance, and this could
not be reliably disentangled across the pooled dataset. Sim-
ilarly, studies varied in how non-interpretable tracings or sig-
nal artifacts were handled, with some excluding them from
analysis and others classifying them as false negatives or
false positives; this inconsistency was not uniformly reported
and may materially affect estimates of real-world diagnostic
performance. Publication bias is also possible, as studies
demonstrating favorable diagnostic performance may be
more likely to be published. Finally, rapid technological evo-
lution in wearable devices means that diagnostic algorithms
may continue to improve beyond those evaluated in cur-
rently published studies.

Several limitations should be considered when interpreting
our findings. Although wearable technologies demonstrated
consistently high diagnostic accuracy, many included studies
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enrolled selected populations, including patients undergoing
cardioversion or evaluation in specialized arrhythmia clinics,
potentially limiting generalizability to community-based
screening populations. In addition, although all included stud-
ies used electrocardiographic confirmation on the same day
as index testing, reference standard recordings were obtained
sequentially rather than simultaneously. Because atrial fibril-
lation is frequently paroxysmal, transient changes in rhythm
between recordings may have influenced estimates of diag-
nostic accuracy. Finally, most primary studies excluded non-
interpretable recordings or signal artifacts from diagnostic
analyses rather than classifying them as test failures. Conse-
quently, the pooled sensitivity and specificity reported in this
review may represent device performance under interpretable
recording conditions and may therefore modestly overesti-
mate performance in routine real-world practice. Publication
bias remains possible despite a non-significant Deeks' funnel
plot asymmetry test, and ongoing technological advances
mean that the diagnostic performance of contemporary wear-
able devices may continue to evolve beyond the studies in-
cluded in this review.

Device-specific detection algorithms and diagnostic thresholds
varied substantially across studies. Because manufacturers use
proprietary signal-processing methods and many studies did
not fully report algorithm characteristics or threshold defini-
tions, these variables could not be evaluated quantitatively in
meta-regression. Nevertheless, this variability likely con-
tributed to the observed between-study heterogeneity and
may partly explain differences in diagnostic performance
across wearable platforms

The influence of proprietary detection algorithms and device-
specific diagnostic thresholds could not be formally explored
because these characteristics were inconsistently reported
across primary studies. We acknowledge that study setting
represents a potentially important source of heterogeneity.
However, evaluation of study setting was not a prespecified
subgroup analysis in our review protocol, and therefore a post
hoc subgroup analysis was not performed. future studies
should specifically investigate whether diagnostic perform-
ance differs between clinical validation cohorts and commu-
nity-based screening populations.

Future directions

Future research should focus on evaluating wearable AF de-
tection technologies in large, prospective population-based
cohorts to better define their role in routine clinical screening.
Studies integrating wearable monitoring with clinical manage-
ment pathways are also needed to determine whether earlier
AF detection using these technologies translates into im-
proved clinical outcomes, including reductions in stroke inci-
dence and cardiovascular mortality. Additionally, further
research is warranted to refine signal processing algorithms,
reduce motion-related artifacts, and improve diagnostic per-
formance in real-world ambulatory environments.
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Conclusions

Wearable technologies demonstrate high diagnostic accuracy
for detecting atrial fibrillation across multiple device platforms,
including ECG- and PPG-based systems. While these findings
support their potential role in screening and long-term moni-
toring, most evidence is derived from controlled or selected
populations. Further large-scale prospective studies in real-
world settings are needed to determine their clinical impact,
cost-effectiveness, and role in routine cardiovascular care. In
terpretation of these findings should consider differences in
study setting, sequential reference standard assessment, and
the exclusion of non-interpretable recordings in many primary
studies, all of which may influence real-world diagnostic per-
formance.
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