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ABSTRACT
Objectives Timely diagnosis of atrial fibrillation (AF) is 
essential to reduce complications from this increasingly 
common condition. We sought to assess the diagnostic 
accuracy of smartphone camera photoplethysmography 
(PPG) compared with conventional electrocardiogram 
(ECG) for AF detection.
Methods This is a systematic review of MEDLINE, 
EMBASE and Cochrane (1980–December 2020), 
including any study or abstract, where smartphone PPG 
was compared with a reference ECG (1, 3 or 12- lead). 
Random effects meta- analysis was performed to pool 
sensitivity/specificity and identify publication bias, with 
study quality assessed using the QUADAS- 2 (Quality 
Assessment of Diagnostic Accuracy Studies- 2) risk of bias 
tool.
Results 28 studies were included (10 full- text 
publications and 18 abstracts), providing 31 comparisons 
of smartphone PPG versus ECG for AF detection. 
11 404 participants were included (2950 in AF), with 
most studies being small and based in secondary care. 
Sensitivity and specificity for AF detection were high, 
ranging from 81% to 100%, and from 85% to 100%, 
respectively. 20 comparisons from 17 studies were 
meta- analysed, including 6891 participants (2299 with 
AF); the pooled sensitivity was 94% (95% CI 92% to 
95%) and specificity 97% (96%–98%), with substantial 
heterogeneity (p<0.01). Studies were of poor quality 
overall and none met all the QUADAS- 2 criteria, with 
particular issues regarding selection bias and the 
potential for publication bias.
Conclusion PPG provides a non- invasive, patient- led 
screening tool for AF. However, current evidence is limited 
to small, biased, low- quality studies with unrealistically 
high sensitivity and specificity. Further studies are 
needed, preferably independent from manufacturers, 
in order to advise clinicians on the true value of PPG 
technology for AF detection.

INTRODUCTION
Atrial fibrillation (AF) is the most common cardiac 
arrhythmia encountered by healthcare professionals 
with rising prevalence, particularly in older patients 
and those with predisposing comorbidities.1 Timely 
identification is key due to the significant impact 
that AF has on patient quality of life and mortality, 

in addition to morbidity due to thromboembolism, 
heart failure and cognitive decline. In particular, 
there is a fivefold increased risk of stroke, where at 
the time of stroke, up to a third of patients either 
have a known or new diagnosis of AF. These strokes 
tend to be more disabling when compared with 
strokes from other causes, and are largely prevent-
able with oral anticoagulation.2–4 According to the 
European Society of Cardiology guidelines, patients 
aged over 65 years can benefit from AF screening 
using single timepoint, repeated or ambulatory 
electrocardiogram (ECG) recordings.4 However, 
there is a risk of missing paroxysmal episodes as 
AF can be brief and sporadic. This was seen in the 
STROKESTOP study (systematic ECG screening 
for AF among 75- year- old subjects), where short 
intermittent home ECG recordings resulted in 
higher sensitivity rates for the detection of new AF 
compared with one- off measurement.5

The development of novel screening devices 
has the potential to increase screening coverage 
and improve clinical detection of AF. Smartphone 
applications can allow self- detection of arrhyth-
mias, allowing for patient self- care and involve-
ment.6 Photoplethysmography (PPG) technology 
found in smartphone cameras can be used for AF 
screening by patients in the community. The tech-
nique uses the light- emitting diode in cameras to 
measure pulsatile changes in light intensity that 
are reflected from a finger (or face). Several smart-
phone PPG applications are currently available, 
but their clinical value for AF detection is unclear. 
The majority are commercial products, and there 
is justified concern over publication bias.7 In this 
systematic review, we assess the diagnostic accuracy 
of AF detection using smartphone PPG applications 
in comparison to a gold- standard ECG recording 
and provide guidance to clinicians about the value 
and limitations of their potential use to guide clin-
ical management.

METHODS
Eligibility and search strategy
This review was conducted according to the Preferred 
Reporting Items for Systematic Reviews and Meta- 
Analyses (PRISMA) guidelines and was prospec-
tively registered with the PROSPERO database of 
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systematic reviews (registration number: CRD42019109455). 
A systematic review of MEDLINE (1950–1 December 2020), 
EMBASE (1980–1 December 2020), and the Cochrane Library 
(until 1 December 2020) was performed without language 
restriction (see online supplemental tables S1 and S2 for search 
terms). We also manually searched reference lists of relevant 
studies for any further available literature.

Inclusion and exclusion criteria
All publications examining any type of AF were evaluated 
(paroxysmal, persistent or permanent as defined by the study), 
including original research and conference abstracts in partici-
pants aged 18 years and above. We required (1) comparison with 
a reference standard ECG (1, 3 or 12- lead); and (2) AF detection 
using a smartphone camera to analyse the PPG signal from a 
fingertip or the face. Editorials and reviews were excluded, in 
addition to publications that did not meet the study objectives. 
For example, we excluded use of wrist- worn devices to generate 
PPG signals (as these require additional hardware beyond a 
smartphone) and studies that lacked a reference ECG.

Outcomes
The outcomes considered were validation of AF detection by 
examining (1) sensitivity; (2) specificity; (3) positive predictive 
value (PPV); (4) negative predictive value (NPV); and (5) overall 
accuracy.

Data extraction
All publications that were identified from literature searches were 
initially screened based on title and abstract by two independent 
reviewers (SG and KVB). Data were stored in a standardised 
tabular format and the full list was assessed for eligibility by 
two different reviewers independently. Following screening, any 

discrepancies were discussed between the reviewers (SG, KVB). 
Any further conflicts were resolved by reviewing the original 
publication and additional adjudication.

Two reviewers (SG and KVB) assessed the full text of each 
article or abstract with four evidence- based hierarchy criteria: 
(1) original research reporting findings for all outcomes consid-
ered; (2) original research reporting findings for some, but not 
all, outcomes; (3) conference abstract reporting findings for 
all outcomes; (4) conference abstract reporting findings for 
some, but not all, outcomes. During the assessment, publica-
tions meeting the criteria above were extracted at study level, 
and a table was generated including relevant information (the 
disease of interest, setting, population and sample size, type 
of smartphone application, outcomes measured, reference test 
and study quality results). We sought additional data on missing 
parameters from lead authors of the publications included, but 
no additional data were received. Where relevant, we made 
note of industry involvement in the study (eg, study funding, 
authors employed in industry and provision of study devices or 
technology).

Risk of bias
All studies were assessed by two independent reviewers (SG 
and KVB) using the Quality Assessment of Diagnostic Accuracy 
Studies- 2 (QUADAS- 2) tool.8 This assesses four key domains: (1) 
patient selection; (2) index test used (smartphone application for 
AF detection via fingertip or facial PPG signal); (3) reference 
standard used (1, 3 or 12- lead ECG); and (4) flow and timing. 
All domains were assessed for risk of bias using signalling ques-
tions, and the first three for applicability to the review question. 
Each domain is given a score of high, low or unclear for risk of 
bias and applicability.
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(n=781)

Manual search
(n=2)

Publications identi�ed and screened (n=1153)
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31 comparisons of smartphone PPG vs ECG

Excluded (n=879) due to:
• Not relevant to study design (n=542)
• Smartphone PPG not used (n=153)
• No AF (n=46)
• Not adult studies (n=45)
• Duplicates (n=43)
• No comparator ECG (n=27)
• No smartphone PPG application used (n=14)
• Not human studies (n=9)

Excluded (n=246) due to:
• Editorials/reviews (n=95)
• Smartphone PPG not used (n=48)
• Not relevant to study design (n=30)
• Abstract with insu�cient information (n=19)
• No smartphone camera (n=15)
• No reference ECG (n=15)
• No AF detection (n=10)
• Other (n=9)
• Not in English (n=5)

SYSTEMATIC REVIEW

20 comparisons of smartphone PPG vs ECG
META-ANALYSIS

Figure 1 Flow diagram for systematic review. Flowchart demonstrating selection of eligible studies. AF, atrial fibrillation; ECG, electrocardiogram; 
PPG, photoplethysmography.
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Patient and public involvement (PPI)
A PPI team were not involved in the design, conduct, reporting 
or dissemination plans of our research.

Ethics
This study follows the principles of the World Medical Asso-
ciation’s Declaration of Helsinki. In this case, separate ethical 

Table 1 Summary of full- text studies

Study
Study design and key 
enrolment criteria

Setting and sample 
size Population characteristics Technology for AF detection Reference test

Brasier et al 201930 Prospective, multicentre
Age >18 years, capable of 
written consent
Supported by industry

Secondary care
N=672
AF prevalence 42%

Age 78 years (median); 
female 45%; hypertension 
72%; diabetes 31%, heart 
failure 36%; stroke 16%, 
OAC 49%

iPhone 4S; Preventicus app; 300 
s recording; data quality check 
performed prior to rhythm analysis 
that used beat- to- beat changes 
of pulse wave time intervals and 
morphology

Blinded interpretation of 
single- lead ECG by two 
cardiologists with group 
consensus; three study 
comparisons with PPG signal 
analysed at (1) 60 s; (2) 120 s; 
and (3) 300 s.

Chan et al 201611 Prospective, single centre
Age≥65, history of 
hypertension, diabetes
Supported by industry

Primary care,
N=1013
AF prevalence 3%

Age 68 years (mean); female 
53%; hypertension 90%; 
diabetes 37%; heart failure 
4%; stroke 11%

iPhone 4S; CRMA app; 3×17 s 
recordings, baseline wander and 
noise filtered. AF detection based on 
a lack of repeating patterns in the 
PPG waveform, using SVM. Labelled 
AF if 2 of 3 recordings irregular.

Blinded interpretation of 
single- lead ECG by two 
cardiologists with group 
consensus.

Fan et al 201912 Prospective, single centre
Age >18 years
Excluded if unable to 
use smartphone or had 
memory impairment
Supported by industry

Secondary care
n=108
AF prevalence 48%

Female 42%; diabetes 30%, 
heart failure 13%; stroke 
12%; OAC 46%

Huawei Mate 9, Huawei Honor 
7X; Preventicus app; 180- second 
recording analysed

12- lead ECG interpreted by 
two cardiologists with group 
consensus.

McManus et al 201313 Prospective single centre
AF for DCCV

Secondary care
N=76
AF prevalence 100%

Age 65 years (mean); female 
35%; hypertension 71%; 
diabetes 28%; heart failure 
21%; stroke 12%

iPhone 4S; unknown app; 120 s 
recording, analysed using two 
statistical techniques (RMSSD and 
ShE)

12- lead ECG interpreted by 
trained physicians with group 
consensus.

McManus et al 201614 Prospective single centre
AF for DCCV and 
premature beats

Secondary care,
N=121
AF prevalence 81%

Age 66 years (mean); female 
18%

iPhone 4S; PULSESMART app; 120 
s recording analysed using three 
statistical techniques (RMSSD, ShE, 
Poincare plot)

12 or 3- lead ECG, interpreted 
by trained physicians with 
group consensus.

Mutke et al 202031 Prospective, multicentre; 
data from two trials 
(WATCH AF and DETECT 
PRO)
Supported by industry

Secondary care
N=1330
AF prevalence 47%

iPhone 4S; Preventicus app; 60 s 
recording analysed using beat- to- 
beat variations via a non- linear 
rhythm analysis, signal quality check 
not performed

Single- lead ECG. Interpretation 
by two cardiologists with 
group consensus.

Poh et al 201836 Retrospective analysis 
with DCNN for AF 
detection
Supported by industry

Validation data from 
primary care
N=1013
AF prevalence 3%

Age 68 years (mean); female 
53%; hypertension 90%; 
diabetes 37%; stroke 11%; 
heart failure 4%

iPhone4S; unknown app; 3×17 s 
recordings analysed using six AF 
detection algorithms (CoV,5 CoSEn, 
nRMSSD +ShE, RMSSD +SD1/SD2, 
Poincaré plot and SVM)

Blinded interpretation of 
single- lead ECG by two 
cardiologists with group 
consensus.

Proesmans et al 201932 Prospective multicentre
Age≥65 years, paroxysmal 
or persistent AF
Supported by industry

Primary care
N=223
AF prevalence 46%

Age 77 years (mean); female 
53%; diabetes 20%; heart 
failure 29%; stroke 22%; 
OAC 56%

iPhone 5S; Fibricheck app; 3×60 s 
recordings; signal quality evaluated 
using RR- interval variability analysis; 
AF detection based on recurrent 
neural network algorithm

Blinded 12- lead ECG 
interpretation by two 
cardiologists with group 
consensus.

Rozen et al 201815 Prospective single centre
Age >18 years, AF for 
DCCV
Supported by industry

Secondary care
N=97
AF prevalence 90%

Age 68 years (mean); female 
25%

iPhone; CRMA app; 3×20 s 
recordings analysed using SVM to 
classify PPG waveforms; feature 
extraction used to determine self- 
similarity of waveform; labelled AF 
if at least 2 of the three recordings 
irregular

Blinded 12- lead ECG 
interpretation by two 
cardiologists with group 
consensus.

Yan et al 201816 Prospective single centre
Supported by industry

Secondary care;
N=233
AF prevalence 35%

Age 70 years (mean); female 
30%; hypertension 60%; 
diabetes 35%; heart failure 
32%; stroke 19%

iPhone 6S; CRMA app; 3×20 s 
recordings, baseline wander and 
noise filtered; AF detection using 
SVM (based on lack of repeating 
patterns); AF if irregular in ≥1, or 
three consecutive uninterpretable 
measurements

Blinded interpretation by 
cardiologist of 12- lead ECG; 
two study comparisons of (1) 
facial PPG and (2) finger PPG.

See online supplemental table S1 for summary of conference abstracts.
AF, atrial fibrillation; CoSEn, coefficient of sample entropy; CoV, coefficient of variation; CRMA, cardiio rhythm smartphone application; DCCV, direct current cardioversion; DCNN, 
deep convolutional neural network; ECG, electrocardiogram; OAC, oral anticoagulation; PPG, photoplethysmography; RMSSD, root mean square of successive RR differences; ShE, 
Shannon entropy; SVE, support vector machine.
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approval was not required as the study is a meta- analysis of 
previously published tabular information from relevant studies.

Statistical analysis
All results for sensitivity, specificity, PPV, NPV and diagnostic 
accuracy for smartphone AF detection were visualised using 
forest plots. When not directly reported by study authors, we 
derived diagnostic values using 2×2 contingency tables from 
reported sensitivity, specificity and corresponding confidence 
intervals. Due to uncertainty in the number of patients with AF, 
we were unable to produce a contingency table for one study.9 
Publication bias was assessed using a funnel plot of linear regres-
sion of the log ORs on the inverse root of the sample size, with 
asymmetry and/or a non- zero slope coefficient with p<0.1 

indicative of small study bias. Bivariate mixed- effects regression 
modelling was used to meta- analyse study comparisons with 
confidence intervals for sensitivity and specificity. A summary 
receiver operating characteristic plot was constructed to provide 
information on the overall diagnostic accuracy of smartphones 
for AF detection with 95% prediction regions. Heterogeneity 
was assessed using the I2 statistic, and visually using the bivariate 
box plot approach. Statistical analysis was performed using Stata 
V.14.2 (StataCorp LP, Texas, USA) and the MIDAS program.10

RESULTS
The search strategy identified a total of 1153 publications 
(figure 1), of which 28 studies were included in the systematic 
review. Ten studies were full- text original research publications 
and 18 were conference abstracts.

Design, devices and population
Of the 28 studies included, 25 were prospective, of which 19 
were conducted in a single centre9 11–29 and 6 involved two or 
more centres.23 30–34 Sixteen studies were conducted in secondary 
care,9 12–20 22 25 26 29–31 seven in primary care,11 21 23 24 32–34 three 
were unspecified27 28 35 and three used retrospective data-
bases.35 36 Nine studies conducted in secondary care included 
those with known AF scheduled for cardioversion or catheter 
ablation.9 13–15 19 20 22 25 26 Details on inclusion and exclusion 
criteria for each study are presented in table 1 (and online 
supplemental table S3 for conference abstracts).

In terms of devices, 16 studies used an Apple iOS smart-
phone,9 11 13–16 18–20 26 29–32 36 1 study used an Android 

Table 2 Characteristics of participants

Characteristic

Number 
of studies 
providing 
data

Weighted 
mean (SD) or 
n (%) Minimum Maximum

Age, years 15 67 (SD 4.9) 59 77

Women 18 709 (48%) 18% 59%

Prevalence of AF 26 2422 (31%) 0.5% 100%

Hypertension 7 527 (83%) 59% 90%

Diabetes 8 239 (33%) 20% 37%

Stroke 8 125 (14%) 11% 23%

Heart failure 8 170 (16%) 4% 38%

AF, atrial fibrillation.

Figure 2 Risk of bias, publication bias and heterogeneity. Top panel (A; bar chart) shows the overall risk of bias based on QUADAS- 2 criteria (see 
online supplemental table S4 for each study). Bottom panel demonstrates high likelihood of publication bias (B; weighted funnel plot) and study 
heterogeneity (C; bivariate box plot with the inner shaded area representing the median distribution of sensitivity and specificity, and the outer area 
the 95% confidence bound). See table 3 for numbers linking to each study comparison.
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smartphone,12 a further 2 studies used a combination22 25 and 
9 studies did not specify the smartphone used.17 21 23 24 27 28 33–35 
The most common PPG applications used were Cardiio Rhythm 
mobile application (CRMA; eight studies), Fibricheck (four 
studies), Preventicus (five studies) and PULSESMART 
(two studies), with nine studies not specifying the applica-
tion.13 19 20 22 23 25 36 A 12- lead ECG was used as a reference stan-
dard in 13 studies, while 11 studies used a single- lead ECG and 
4 studies used a combination of 12- lead, single or 3- lead ECG. 
Only three studies documented performing the PPG and ECG 
recording simultaneously.12 27 35

The total number of participants was 11 404, of which 2422 
(21.2%) had an ECG diagnosis of AF. The prevalence of AF 
varied from 0.5% to 100% in individual studies. The average 
age (where stated) ranged from 59 to 77 years, with a weighted 
mean of 67 years (SD 4.9). The proportion of women ranged 
from 18% to 59%, with a weighted average of 48.2% (table 2).

Risk of bias and publication bias
The included studies were found to be of low quality overall; 
none were graded as meeting all QUADAS- 2 criteria. Levels of 
bias were consistent across full- text studies (online supplemental 
table S4) and abstract- only studies (online supplemental table 
S5), even though assessment of the latter was limited by shorter 
description. The major concerns related to high risk of bias, 

particularly for patient selection (eg, selection of non- random 
patients), and the conduct of the study (exclusion of data from 
final analysis and unclear timing of reference and index tests) 
(figure 2A). Regression of effect size on sample size demon-
strated a non- zero slope coefficient across comparisons with 
asymmetry (figure 2B). After excluding the largest study, the p 
value for the slope coefficient was 0.06 (p<0.10 suggestive of 
small study/publication bias). Heterogeneity is visualised on the 
bivariate box plot, with a number of studies outside the fence 
area (figure 2C).

Detection of AF
The 28 studies included provided 31 comparisons for AF detec-
tion using PPG smartphone applications against conventional 
ECG (29 fingertip and 2 facial PPG). A comparative summary 
by study is presented in table 3, and by smartphone PPG appli-
cation online in online supplemental table S6. Sensitivity ranged 
from 81% to 100%, specificity from 85% to 100%, PPV 54% to 
100% and NPV 77% to 100% (online supplemental figures S1 
and S2). Accuracy was reported in 18 comparisons and ranged 
from 61% to 99%.

In meta- analysis of 20 comparisons of AF detection from 17 
studies (n=5561; 1674 with AF), the pooled sensitivity was 
94% (95% CI 92% to 95%), with significant heterogeneity 
(I2=49.6%; p=0.01). The pooled specificity was 97% (95% 

Table 3 Summary of sensitivity, specificity and accuracy of PPG

Study (comparison) Meta- analysis comparison number
Sensitivity %
(95% CI)

Specificity %
(95% CI)

PPV %
(95% CI)

NPV %
(95% CI)

Accuracy %
(95% CI)

Brasier et al 2019a30 1 90 (86 to 93) 99 (98 to 100) 89

Brasier et al 2019b30 2 91 (87 to 95) 99 (97 to 100) 78

Brasier et al 2019c30 3 92 (86 to 95) 100 (98 to 100) 61

Chan et al 201611 4 93 (77 to 99) 98 (97 to 99) 54 (38 to 68) 100 (99 to 100)

Fan et al 201912 5 95 (92 to 97) 100 (98 to 100) 100 (98 to 100 96 (93 to 98) 98 (96 to 99)

Grieten et al 2018–133 6 98 (92 to 100) 88 (80 to 94) 88 (82 to 93) 98 (92 to 99)

Grieten et al 2018–234 100 97

Karim et al 201717 7 94 (85 to 98) 96 (87 to 99)

Kuan et al 201818 * 8 100 (83 to 100) 95 (84 to 99)

Maitas et al 2012–120 100 99 99

Maitas et al 2012–219 96 100 98

McManus et al 201313 96 98 97

McManus et al 201614 97 94 95

Mortelmans et al 201721 9 98 (92 to 100) 88 (80 to 94) 93 (89 to 96)

Mukte et al 201935 10 92 (89 to 94) 99 (97 to 99) 98 (92 to 96) 94 (92 to 96)

Mutke et al 202031 11 92 (89 to 94) 98 (97 to 99) 95

Napolitano 2015 97 94 95

Poh et al 201836 12 95 (88 to 99) 99 (98.6 to 99.3) 73 (65 to 79) 100 (100 to 100)

Proesmans et al 2019–132 13 96 (89 to 99) 97 (91 to 99) 63 (61 to 65) 100 (100 to 100)

Proesmans et al 2019–222 14 81 (76 to 86) 97 (96 to 98) 95 (94 to 96) 89 (87 to 91) 91 (89 to 93)

Proesmans et al 201823 100 97 97

Rozen et al 201815 15 93 (87 to 97) 91 (83 to 96) 92 (86 to 96) 92 92

Rozen et al 20179 96 (90 to 99) 93 (87 to 97) 93 (86 to 97) 96 (90 to 99) 96

Siu et al 201624 93 98

Smeets et al 201925 16 88 (85 to 91) 97 (94 to 100) 98 (97 to 99) 77 (72 to 82) 90 (88 to 92)

Vaid et al 201526 17 97 (82 to 100) 85 (69 to 94) 83 (67 to 93) 97 (83 to 100)

Vandenberk et al 2018–128 97 99

Vandenberk et al 2018–227 82 93 92 84

Yan et al 201629 18 93 (77 to 98) 95 (86 to 98)

Yan et al 2018a16 19 95 (87 to 98) 96 (91 to 98) 92 (84 to 96) 97 (93 to 99) 95

Yan et al 2018b16 20 95 (87 to 98) 93 (88 to 96) 88 (80 to 93) 97 (93 to 99) 94

See table 1 for details of comparisons within studies.
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CI 96% to 98%), with significant heterogeneity (I2=85.3%; 
p<0.01). Overall, the area under the receiver operating curve 
was 0.98 (95% CI 0.97 to 0.99), again with substantial signifi-
cant heterogeneity (I2=98%; p<0.0001) (figure 3).

DISCUSSION
This systematic review has identified the potential for AF detec-
tion using smartphone- based PPG technology, but with insuf-
ficient evidence to demonstrate clinical utility at this time. 
Unrealistically high values for sensitivity and specificity were 
found from predominantly small, single- centre studies (in meta- 
analysis, 94% and 97%, respectively). We identified high risk 

of bias, especially for the type of patients selected to take part, 
and insufficient information regarding study flow, design and 
timings. Additionally, there was evidence of publication bias with 
significant asymmetry indicating negative studies were less likely 
to be published (figure 4). In general, commercial smartphone 
applications were used for AF detection, but most studies lacked 
algorithm transparency. Information regarding data quality 
assessment and characterisation methods used to delineate AF 
from other arrhythmias (eg, atrial flutter, tachycardia or ecto-
pics) was often missing, making replication and validation diffi-
cult. Taken together, these findings suggest the need for larger 
independent studies to assess the role of smartphone PPG for 
AF detection.

While AF is commonly associated with symptoms, asymptom-
atic episodes can occur and therefore only identified incidentally 
during routine medical review.37 Patients with undiagnosed AF 
can present with an ischaemic stroke as their first clinical presen-
tation, identified on an admission ECG or during subsequent 
monitoring.38 There is a clear healthcare priority to increase 
effective screening in the community given the increasing 
prevalence of AF,1 the substantial morbidity that is associated 
with undiagnosed AF, and the benefit of early detection and 
use of oral anticoagulation to prevent thromboembolism.7 
The sporadic nature of AF illustrates a genuine need for non- 
invasive and scalable screening techniques that can be used to 
detect AF over a prolonged period of time. Current practice for 
AF screening consists mainly of opportunistic pulse palpation 
or detection using ECG and medical ambulatory devices, which 
have a limited monitoring duration.4 39 Hence, the development 
of new technology wherein patients can repeatedly monitor 
their own heart rhythm, providing more opportunity to pick 
up AF. With smartphones now a ubiquitous part of life in most 
communities across the world, the potential for widespread AF 
screening is now realisable. However, as with most new technol-
ogies, it is likely that hardware, software and algorithms will all 
need to develop to provide reliable information that can help 
direct clinical management.

This systematic review specifically addressed the value of 
PPG using smartphone technology, but other forms of PPG AF 
detection are also available. For example, the Apple Heart study 
used intermittent smartwatch- based PPG monitoring in 419 297 
participants, of which 2161 (0.52%) received an irregular pulse 
alert. AF was newly detected in 153 or 450 (34%) participants 
who wore a 7- day ECG patch, giving a PPV for AF detection of 
84%.37 40 The Huawei Heart study used smartwatches and smart 
bands in 187 912 participants, of which 424 (0.23%) received 
an irregular pulse notification and in those followed up, PPV 

Comparisons from individual studies
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Figure 3 Summary receiver operator characteristic plot. Includes all 
comparisons in the meta- analysis (see table 3 for numbers linking to 
each study comparison) with summary receiver operator characteristics. 
Note that significant heterogeneity was identified across studies overall 
(p<0.0001), and for sensitivity and specificity individually (I2=49.6%; 
p=0.01 and I2=85.3%; p<0.01).

Figure 4 Graphical summary. A graphical summary of the main findings within this systematic review and meta- analysis. AF, atrial fibrillation; PPG, 
photoplethysmography.
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was 92%.41 Both studies show the potential that PPG technology 
offers for accessible long- term self- monitoring, but also the 
limitations of requiring specific technology (in this case smart-
watches) that often limits the population to younger individuals 
(only 6% were aged over 65 years in the Apple Heart study). This 
results in low AF detection rates, the potential for false positive 
cases, uncertain clinical impact (eg, in those without risk factors 
for thromboembolism) and hence high levels of unnecessary 
anxiety. There is also an issue of cost borne by the consumer, and 
exclusion of those with socioeconomic deprivation. Conversely, 
the number of smartphone users grows globally at an average of 
11.8% annually, with increasing numbers across all age ranges, 
including those aged 65 and above (source: Statista), who have 
the most to gain from detecting AF.

This review highlights the need for real- world studies, with 
minimisation of selection bias to establish the true diagnostic 
accuracy of smartphone PPG. With a condition as heteroge-
neous as AF, it seems improbable that sensitivity and specificity 
values would be as high in an unselected population, meaning 
that false positives and false negatives would need careful 
consideration. With regard to smartphone applications, greater 
transparency from commercial providers regarding AF detec-
tion algorithms are required, and further work is needed to 
evaluate their role in the diagnostic pathway alongside conven-
tional AF screening. Large- scale randomised clinical trials that 
are powered for endpoints such as stroke and cost- effectiveness 
are needed to compare these devices and establish their merits,37 
including studies that are independent of device or algorithm 
manufacturers.

Strengths and limitations
This systematic review is addressing a contemporary tech-
nology, with rapidly changing hardware and software. In order 
to capture the evolving field, we included data from published 
articles as well as conference abstracts, where findings may not 
have been peer reviewed or full information available. Ascertain-
ment of study quality and bias was challenging for abstracts, and 
scores could improve following full- text publication. However, 
as many abstracts do not go on to a full- text publication, omit-
ting these studies would have contributed to publication bias, 
particularly for studies with less positive or neutral results. The 
full range of study designs were included (retrospective, prospec-
tive and case- control studies), which may have led to an overes-
timation in diagnostic accuracy. Heterogeneity was substantial 
and there was evidence of possible publication bias. This is 
perhaps not surprising, as commercial companies that supported 
these studies may be less inclined to publish neutral studies or 
may have withheld developing results in order to protect their 
intellectual property. Due to the overall level of study quality, 
we were unable to separate results for low bias studies, and in 
particular selection bias is likely to have substantial impact on 
the generalisation of our findings.

CONCLUSION
Due to its paroxysmal nature in many patients, the detection of 
AF can be challenging using conventional ECG methods. With 
the growing use of smartphones, PPG technology offers the 
potential for large scale, non- invasive, patient- led screening of 
AF. PPG technology has shown promise for AF detection with 
high sensitivity and specificity. However, the current evidence 
base consists of small, biased and low- quality studies which are 
insufficient to advise clinicians on the true value of PPG devices 
for AF detection. In view of the extensive global use of such 

devices, further research is urgently required with reference 
standards, standardised validation and transparent algorithms.

Key messages

What is already known on this subject?
 ► With its rising prevalence and sporadic nature, early diagnosis 
of atrial fibrillation (AF) can prevent adverse events in at- risk 
patients.

 ► Smartphone photoplethysmography (PPG) technology has 
the potential to offer widespread non- invasive community AF 
screening over a prolonged period of time.

What might this study add?
 ► This systematic review and meta- analysis compared 
smartphone PPG applications with standard 1, 3 or 12- lead 
electrocardiograms for AF detection.

 ► This meta- analysis showed unrealistically high sensitivity and 
specificity for AF detection, and identified concerns regarding 
study quality and bias, limiting applicability to current 
practice.

How might this impact on clinical practice?
 ► This review demonstrates that at present there is insufficient 
evidence to recommend the use of smartphone PPG for AF 
detection in clinical practice.

 ► Further independent large- scale studies are required to 
evaluate its role in diagnostic and screening purposes.
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