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Abstract
Background: Atrial fibrillation (AF) is the most common sustained cardiac 
arrhythmia and a major cause of stroke, heart failure, and mortality. Due to its 
often paroxysmal and asymptomatic nature, AF frequently remains undiagnosed 
using conventional short-term monitoring strategies. Wearable technologies have 
emerged as scalable tools for AF detection, but their overall diagnostic accuracy 
across platforms remains uncertain.

Objective: To systematically evaluate the diagnostic accuracy of wearable devices 
for detecting AF using a diagnostic test accuracy meta-analysis.

Methods: A systematic review was conducted following PRISMA-DTA 
guidelines. PubMed, Embase, and Cochrane Library databases were searched 
from inception to 25th February 2026. Prospective and retrospective diagnostic 
accuracy studies assessing wearable AF detection devices in adults were included. 
Eligible studies used electrocardiographic reference standards and reported 
sufficient data to estimate sensitivity and specificity. Devices were categorized into 
handheld ECG-based devices, smartphone-based photoplethysmography (PPG) 
applications, passive smartwatch monitoring systems, and prolonged monitoring 
devices. Pooled sensitivity and specificity were estimated using bivariate random-
effects models.

Results: A total of 51 studies comprising 33,374 participants were included. 
Wearable devices demonstrated high diagnostic accuracy across all categories. 
Pooled sensitivity ranged from 92.5% to 96.8%, while specificity ranged from 
93.6% to 98.0%. Smartphone-based PPG applications showed the highest sensitivity 
(96.8%), whereas passive smartwatch monitoring demonstrated the highest 
specificity (98.0%). Handheld ECG devices also showed strong performance with 
high sensitivity and low negative likelihood ratios. Moderate heterogeneity was 
observed across studies.

Conclusion: Wearable technologies demonstrate high diagnostic accuracy for 
atrial fibrillation detection, particularly in controlled and selected populations, and 
show promise for large-scale screening and monitoring.
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Introduction
Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia and 

represents a major contributor to cardiovascular morbidity and mortality worldwide. 
Recent epidemiological estimates suggest that more than 59 million individuals 
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globally are affected by AF, and the prevalence is expected to 
rise substantially as populations age and cardiovascular risk 
factors increase. 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 essential for preventing adverse outcomes.

Despite its clinical importance, AF often remains 
undiagnosed because many episodes are paroxysmal or 
asymptomatic, occurring intermittently and therefore 
escaping detection during routine clinical assessments. 
Conventional diagnostic strategies, 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 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: electrocardiography (ECG) and 
photoplethysmography (PPG). ECG-based devices measure 
the electrical activity of the heart directly and are commonly 
incorporated 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 Himmelreich 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 analyzing 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 monitoring 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 irregular 
pulse detection using smartwatch PPG data could identify 
AF with high sensitivity and specificity when validated 
against simultaneous ECG recordings. Additional studies 
using smartphone-based PPG applications, such as those 
by McManus 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 wearable technologies to facilitate AF detection outside 
traditional clinical settings.

The rapid expansion of consumer wearable devices has 
generated 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 platforms, including smartphone-based ECG 
devices, smartwatch-integrated ECG systems, wrist-worn 
PPG sensors, and smartphone camera-based pulse detection 
technologies. However, existing studies vary substantially 
in device type, signal acquisition method, study design, 
and population characteristics, making direct comparisons 
difficult. Furthermore, many validation studies have been 
conducted in selected patient populations or controlled 
clinical environments, such as cardioversion cohorts, which 
may not reflect real-world screening scenarios.

Although several individual validation studies and 
narrative reviews have explored wearable AF detection 
technologies, the overall diagnostic accuracy of these devices 
across different technological platforms remains uncertain. 
In particular, it is unclear 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 understand the 
reliability and clinical applicability of these tools.

Accordingly, the aim of the present study is to perform 
a systematic review and diagnostic meta-analysis evaluating 
the accuracy 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 provide robust estimates of diagnostic 
performance and to explore potential sources of heterogeneity 
across device categories. Such evidence may help clarify the 
role of wearable technologies in AF screening and inform 
future strategies for digital cardiovascular 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 Accuracy Studies (PRISMA-DTA) 
guidelines. The protocol for this systematic review and meta-
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analysis was prospectively registered on the Open Science 
Framework (OSF) platform. The registration is publicly 
accessible at https://osf.io/4kvdp/overview.

Database Search
A comprehensive and systematic literature search was 

performed to identify diagnostic accuracy studies evaluating 
wearable devices for atrial fibrillation detection. Electronic 
databases, including PubMed/MEDLINE, Embase, and the 
Cochrane Library, were searched from the inception of the 
databases 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, arrhythmia detection). The full search 
strategy is provided in the Supplementary 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 fibrillation in adults (≥18 years). Studies were required 
to use a clinically accepted electrocardiographic reference 
standard, such as 12-lead ECG, Holter monitoring, or 
physician-adjudicated ECG interpretation.

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

Studies were excluded if they were reviews, editorials, 
case reports, conference abstracts without full data, or if 
they relied solely on automated reference standards without 
clinical confirmation.

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 applied 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, including 12-lead ECG, Holter monitoring, or 
rhythm adjudication by qualified healthcare professionals. 
Studies in which arrhythmia diagnosis was based solely on 
automated interpretation without clinician confirmation were 
excluded.

Data Extraction
Two reviewers independently extracted data using a 

standardized data extraction form. Extracted variables 
included study characteristics, participant characteristics, 
device type, reference standard, and diagnostic accuracy 
outcomes. Sensitivity and specificity were extracted directly 
when reported or calculated 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. Results are summarised 
in Table S1.

Statistical Analysis
Between-study heterogeneity was assessed through visual 

inspection of forest plots and HSROC curves, as well as 
estimation of between-study variance parameters. Although 
I² is not routinely recommended for diagnostic meta-
analyses, variability was interpreted using prediction regions 
and random-effects parameters.

Meta-regression analyses were conducted to evaluate the 
effect of device type on diagnostic performance. Statistical 
significance was assessed using likelihood ratio tests. For 
analyses involving smartphone-based PPG applications, a 
Bayesian hierarchical model was employed to account for 
sparse data and variability. Non-informative priors were 
used, and model convergence 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 included duplicate records (n = 23), records marked as 
ineligible by automation tools (n = 4), and records removed 
for other reasons (n = 9)—238 records remained for initial 

https://osf.io/4kvdp/overview
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screening. Following the screening of titles and abstracts, 
124 records were excluded. Of the 114 reports sought for 
retrieval, 109 were successfully 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 summarised in Table S4. 
Study selection is shown in Figure 1 in the PRISMA flow 
diagram.

Study Characteristics
A total of 51 studies comprising 33,374 participants were 

included in the analysis. Study designs included prospective 
diagnostic studies, retrospective analyses, and validation 
cohorts, encompassing both wearable and smartphone-based 
devices for the detection of atrial fibrillation (AF). The 
studies were conducted across multiple 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., 2018) to large population-based cohorts 
exceeding 10,000 participants (Chan et al., 2018). The mean 
age of participants varied from 36 years (Harberman et al., 
2014) to 78.6 years (Chan et al., 2018), with a majority of 
studies including predominantly male populations, although 
the proportion of male participants ranged from 17% to 83%.

The included studies evaluated a variety of wearable and 
smartphone-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 predominantly assessed in clinical diagnostic 
validation studies. Smartphone-based devices utilized either 
PPG (facial or fingertip) or single-lead ECG modalities.

Gold-standard comparators varied across studies, with 
the majority using 12-lead ECG interpreted by cardiologists, 

Figure 1: Prisma flow diagram
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followed by 24-hour or 7-day Holter ECG, telemetry, or 
implantable cardiac 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 diagnostic approaches. Overall, the 
included studies provide a comprehensive evaluation of the 
accuracy and feasibility of wearable and smartphone-based 
technologies for AF detection across diverse populations, age 
groups, and clinical settings. Results are summarized in 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 sampling 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.

For the reference standard domain, most studies were 
considered 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 testing and reference 
standard assessment or potential patient exclusions from the 
final analysis.

Regarding applicability concerns, most studies were 
judged to have low concern across all domains. However, a 
small proportion 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.

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 cardioversion 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 possibility of spectrum bias and should be 
considered when interpreting pooled estimates.

Photoplethysmography (PPG)–Based Smartwatches
Diagnostic accuracy estimates for PPG-based smartwatch 

devices are summarized in Table S3. The pooled sensitivity 
was 96.3%, while the pooled specificity was 93.6%, 
indicating high diagnostic accuracy for detecting atrial 
fibrillation (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 (Figure 
S1). The 95% confidence region surrounding the summary 
estimate was relatively narrow, indicating precision in the 
pooled estimate. However, the 95% prediction region was 
broader, reflecting substantial between-study variability in 
diagnostic performance (Figure S2).

Electrocardiography (ECG)–Based Smartwatches
Diagnostic accuracy estimates for ECG-based smartwatch 

devices are summarized in Table S3. The pooled sensitivity 
was 89.0% (95% CI: 84.7%–92.2%), while the pooled 
specificity was 92.8% (95% CI: 89.2%–95.3%), indicating 
good diagnostic performance for detecting atrial fibrillation 
(AF) (Figures S3 and S4). The false positive rate was 7.2% 
(95% CI: 4.7%–10.8%). The pooled diagnostic odds ratio 
was 103.93 (95% CI: 53.12–203.34), demonstrating strong 
overall discriminatory ability of the devices, although lower 
than previously observed estimates.

The positive likelihood ratio was 12.35 (95% CI: 8.05–
18.92), indicating a moderate to strong increase in the 
probability of AF following a positive test result. Conversely, 
the negative likelihood ratio was 0.119 (95% CI: 0.084–
0.168), suggesting that a negative test result substantially 
reduces, but does not eliminate, the probability of AF.

Visual inspection of the HSROC plot demonstrated 
notable heterogeneity, with individual study estimates 
dispersed around the pooled summary point (Figure S5). The 
95% confidence region surrounding the summary estimate 
was relatively narrow, indicating reasonable 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 0.388, suggesting the presence of a 
moderate threshold effect across studies.

Smartphone-Based Electrocardiography (ECG) De-
vices

Diagnostic accuracy estimates for smartphone-based ECG 
devices are summarized in Table S3 The pooled sensitivity 
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0.029–0.961), indicating a strong positive association and 
suggesting the presence of a threshold effect across studies.

The estimated accuracy parameter (Λ) was 4.936 (95% 
posterior interval: 3.700–6.110), while the cutpoint parameter 
(Θ) was 0.103 (95% posterior interval: −0.842 to 1.039). The 
shape parameter (β) was 0.087 (95% posterior interval: −0.610 
to 0.796), indicating no strong asymmetry in the summary 
receiver operating characteristic curve. The variability in 
cutpoint and accuracy parameters was reflected by standard 
deviations of 0.116 and 0.464, respectively, further supporting 
the presence of between-study heterogeneity.

Device-Specific Analysis: Apple Watch
Diagnostic accuracy estimates for Apple Watch devices 

are summarized in Table S3. The pooled sensitivity was 94.1% 
(95% CI: 90.0%–96.6%), while the pooled specificity was 
94.6% (95% CI: 89.1%–97.4%), indicating high diagnostic 
accuracy for detecting atrial fibrillation (AF). The false 
positive rate was 5.4% (95% CI: 2.6%–10.9%). The pooled 
diagnostic odds ratio was 282.36 (95% CI: 103.68–769.00), 
demonstrating strong overall discriminatory performance. 
(Figure S11)

The positive likelihood ratio was 17.49 (95% CI: 8.42–
36.32), indicating a substantial increase in the probability of 
AF following a positive test result. Conversely, the negative 
likelihood ratio was 0.062 (95% CI: 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 (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 
effect across studies.

Device-Specific Analysis: Samsung Galaxy Watch
[DRAFT — PENDING VERIFICATION] A device-

specific analysis was additionally performed for the 
Samsung Galaxy Watch platform, drawing on prospective 
validation studies directly comparing consumer smartwatch 
electrocardiography against a physician-interpreted 12-lead 
ECG reference standard. Diagnostic accuracy estimates for 
Samsung Galaxy Watch devices are summarized in Table 
S7. Across the identified studies, sensitivity ranged from 
68.0% to 97.0% and specificity ranged from 75.0% to 98.8%, 
reflecting substantial variability according to whether the on-
demand ECG function or the passive Irregular Heart Rhythm 
Notification feature was evaluated, and according to whether 
automated or expert-adjudicated interpretation was used. 

was 94.5% (95% CI: 89.6%–97.2%), while the pooled 
specificity was 95.8% (95% CI: 93.3%–97.4%), indicating 
high diagnostic accuracy for detecting atrial fibrillation (AF) 
(Figure S6). The false positive rate was 4.2% (95% CI: 2.6%–
6.7%). The pooled diagnostic odds ratio was 396.39 (95% 
CI: 180.14–872.27), reflecting strong overall discriminatory 
performance.

The positive likelihood ratio was 22.63 (95% CI: 14.12–
36.26), indicating a substantial increase in the probability of 
AF following a positive test result. Conversely, the negative 
likelihood ratio was 0.057 (95% CI: 0.030–0.110), 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 (Figure S7). 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 −0.215, suggesting a mild inverse 
relationship and limited evidence of a threshold effect across 
studies.

Smartphone-Based Photoplethysmography (PPG) 
Applications

Diagnostic accuracy estimates derived from the Bayesian 
hierarchical model are summarized in Table S3. The pooled 
sensitivity 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 detecting atrial fibrillation (AF) 
(Figures S8 and S9). The corresponding false positive rate 
was 8.1% (95% posterior interval: 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 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 
(μ₁) was 2.438 (95% posterior interval: 1.759–3.052), 
and for specificity (μ₀) was 2.429 (95% posterior interval: 
1.623–3.143). Substantial 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: 
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A naive fixed-effect pooled estimate across the on-demand 
ECG studies yielded a sensitivity of 88.1% (95% CI: 82.0%–
92.4%) and a specificity of 84.4% (95% CI: 79.2%–88.5%).

In a large multi-center validation study of the passive 
Irregular Heart Rhythm Notification feature, sensitivity for 
continuous AF episodes of one hour or longer was lower, 
at 68.0%, while specificity was high, at 98.8%, consistent 
with a design optimized to minimize false alerts during 
background monitoring rather than to maximize case-finding 
sensitivity. By contrast, studies evaluating the on-demand 
single-lead ECG function reported higher sensitivity, ranging 
from 85.0% to 97.0%, with specificity ranging from 75.0% 
to 91.0%. This pattern suggests that the Samsung platform's 
two index tests — passive notification and on-demand ECG 
— are not diagnostically interchangeable and may warrant 
separate reporting in any pooled bivariate or HSROC model.

Note to authors (remove before submission): The estimates 
above are provisional. They are based on published summary 
sensitivity/specificity figures and back-calculated 2×2 counts 
from a small number of studies identified via web search 
(Isaak et al., JACC Clin Electrophysiol 2022 — the BASEL 
Wearable Study; a related EP Europace 2022 conference 
abstract that may report an overlapping or earlier-timepoint 
cohort and needs deduplication against the JACC EP paper; 
a Frontiers in Cardiovascular Medicine 2022 comparative 
study; and an FDA pivotal validation dataset for the 
Irregular Heart Rhythm Notification feature). None of these 
studies has yet been confirmed against your existing 51-study 
inclusion list, screened against your eligibility criteria (§2.3), 
or quality-assessed with QUADAS-2. A naive fixed-effect 
pooled estimate (sum of events over sum of totals) was used 
here in place of the bivariate random-effects or Bayesian 
hierarchical model used elsewhere in this manuscript and 
does not account for between-study heterogeneity. Before 
submission this section should be replaced with results from 
full-text screening, verified data extraction, QUADAS-2 
rating, and the same bivariate/HSROC modelling approach 
used in Sections 3.4–3.8, and Table S7 and the Figure legends 
should be updated accordingly (a new HSROC figure, e.g. 
Figure S12b, would sit alongside Figure S12).

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 smartphone 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 
(Figure S13). The accuracy plot is given in Figure S14. 
Tables S4, S5, and S6 summarize the regression outcomes.

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

The overlap of confidence and prediction regions across all 
device types suggests that differences in diagnostic accuracy 
between modalities were not statistically significant, although 
trends favored wearable smartwatch-based technologies—
particularly PPG-based systems.

Publication Bias
Deeks' funnel plot asymmetry test did not show 

statistically significant evidence of publication bias  
(p = 0.18). The funnel plot appeared approximately 
symmetrical on visual inspection, suggesting a low likelihood 
of small-study effects (Figure S15). However, these findings 
should be interpreted cautiously due to between-study 
heterogeneity.

Discussion
Principal Findings

In this systematic review and diagnostic meta-analysis, 
wearable technologies demonstrated high overall accuracy for 
detecting atrial fibrillation (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, 
supporting 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 applications 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 threshold effects were observed, reflecting 
differences in study populations, device algorithms, and 
implementation as noted in several contemporary meta-
analyses.
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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 detection. Early investigations by Himmelreich 
et al. and Haberman et al. reported that smartphone-operated 
single-lead ECG devices reliably detect rhythm abnormalities 
in primary care settings. These findings were further validated 
by studies demonstrating that patient-operated recordings 
could achieve high-quality tracings equivalent to clinical 
Lead I standards. Similarly, Bumgarner et al. reported 
high diagnostic accuracy of smartwatch-based algorithms 
capable of automatically detecting AF using single-lead ECG 
recordings obtained from consumer 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. Subsequent research confirmed that smartphone 
applications could accurately differentiate AF from sinus 
rhythm ifiguren both clinical and community populations. 
Recent innovations have expanded this to contactless 
sensing; researchers have demonstrated 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 standards. A 
systematic review and meta-analysis evaluating smartphone-
based PPG detection further reported pooled sensitivity 
and specificity exceeding 90%, supporting the diagnostic 
reliability of these technologies when validated against ECG 
reference 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 
technologies 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 recent meta-
analysis comparing ECG-based and PPG-based smartwatches 
reported a pooled sensitivity of approximately 97% and a 
specificity of 96%, further supporting the strong diagnostic 
capabilities 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-learning algorithms applied to wrist-worn sensors 

have reported similarly strong performance. Continuous 
monitoring via these platforms allows for the capture of 
paroxysmal events that might otherwise be missed.

Large-scale screening studies have also provided 
evidence for the potential population-level impact of 
wearable AF detection technologies. The STROKESTOP 
trial demonstrated that intermittent handheld ECG screening 
in older adults significantly increased the detection of 
previously undiagnosed AF, enabling earlier initiation of 
anticoagulation therapy for stroke prevention. Likewise, 
the mSToPS trial showed that home-based monitoring 
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. Finally, Chang et al. highlighted that AI-enabled 
ECG interpretation significantly enhances diagnostic stability 
across varying patient 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 accuracy when compared with physician-
adjudicated ECG recordings. Contemporary meta-analyses 
similarly report pooled sensitivities of approximately 95% 
and specificities of approximately 97% across smartwatch 
platforms, further supporting their potential utility for AF 
detection in ambulatory populations.

Collectively, the findings of the present study align with 
previous validation studies and meta-analyses demonstrating 
that wearable 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, particularly 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 technologies capable 
of continuous or intermittent rhythm monitoring may help 
bridge this diagnostic gap by enabling prolonged surveillance 
outside traditional healthcare settings.

Smartphone-based and smartwatch-integrated 
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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. Furthermore, integration 
of wearable monitoring data with telemedicine platforms and 
electronic health records may enable 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 monitoring 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 
populations, such as highly controlled cardioversion cohorts 
versus 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 diagnostic performance.

Differences in algorithm design may also contribute to 
variability in sensitivity and specificity across devices. PPG-
based systems rely on pulse waveform variability rather than 
direct electrical measurements, making them more susceptible 
to motion artifacts and peripheral perfusion variability. 
Conversely, ECG-based devices provide direct electrical 
recordings but typically require active user engagement 
for data acquisition. These differences in sensing modality 
and monitoring strategy may partly explain the observed 
variability across device categories.

Impact of Device Type on Diagnostic Performance
In this meta-analysis, meta-regression based on device 

type did not demonstrate statistically significant differences in 
diagnostic 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 approaches, especially PPG-based 
applications, exhibited greater variability, which may be 
attributed to user dependency, inconsistent measurement 
conditions, and susceptibility to motion artifacts.

ECG-based modalities, both in smartwatches and 
smartphones, showed high specificity, reflecting their ability 
to directly capture cardiac electrical activity. However, their 
performance may be limited by intermittent use and user 
adherence.

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 considering 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 comprehensive 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 heterogeneity. 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 evaluation, which may limit generalizability 
to population-based screening settings. Additionally, 
heterogeneity in device algorithms, monitoring protocols, 
and reference standards across studies may influence pooled 
diagnostic estimates. Publication bias is also possible, as 
studies demonstrating favorable diagnostic performance may 
be more likely to be published. Finally, rapid technological 
evolution in wearable devices means that diagnostic 
algorithms may continue to improve beyond those evaluated 
in currently published studies.

Future Directions
Future research should focus on evaluating wearable AF 

detection technologies in large, prospective population-based 
cohorts to better define their role in routine clinical screening. 
Studies integrating wearable monitoring with clinical 
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management pathways are also needed to determine whether 
earlier AF detection using these technologies translates into 
improved clinical outcomes, including reductions in stroke 
incidence and cardiovascular mortality. Additionally, further 
research is warranted to refine signal processing algorithms, 
reduce motion-related artifacts, and improve diagnostic 
performance in real-world ambulatory environments.

Conclusion
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 monitoring, 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.

List of Abbreviations
AF – Atrial Fibrillation

ECG – Electrocardiogram

PPG – Photoplethysmography

HR – Heart Rate

HRV – Heart Rate Variability

Kardia – KardiaMobile (AliveCor)

Apple Watch – Apple Watch Series (Apple Inc.)

Fitbit – Fitbit wearable device

Garmin – Garmin wearable device

BP – Blood Pressure

AI – Artificial Intelligence

AFib – Atrial Fibrillation (alternate abbreviation)

FDA – Food and Drug Administration

mHealth – Mobile Health

AF-Detection – Atrial Fibrillation Detection Algorithm

HR-Alert – Heart Rate Alert Feature
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