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Background-—We aimed to evaluate a novel method of atrial fibrillation (AF) screening using an iPhone camera to detect and
analyze photoplethysmographic signals from the face without physical contact by extracting subtle beat-to-beat variations of skin
color that reflect the cardiac pulsatile signal.

Methods and Results-—Patients admitted to the cardiology ward of the hospital for clinical reasons were recruited. Simultaneous
facial and fingertip photoplethysmographic measurements were obtained from 217 hospital inpatients (mean age,
70.3�13.9 years; 71.4% men) facing the front camera and with an index finger covering the back camera of 2 independent
iPhones before a 12-lead ECG was recorded. Backdrop and background light intensity was monitored during signal acquisition.
Three successive 20-second (total, 60 seconds) recordings were acquired per patient and analyzed for heart rate regularity by
Cardiio Rhythm (Cardiio Inc, Cambridge, MA) smartphone application. Pulse irregularity in ≥1 photoplethysmographic readings or 3
uninterpretable photoplethysmographic readings were considered a positive AF screening result. AF was present on 12-lead ECG in
34.6% (n=75/217) patients. The Cardiio Rhythm facial photoplethysmographic application demonstrated high sensitivity (95%; 95%
confidence interval, 87%–98%) and specificity (96%; 95% confidence interval, 91%–98%) in discriminating AF from sinus rhythm
compared with 12-lead ECG. The positive and negative predictive values were 92% (95% confidence interval, 84%–96%) and 97%
(95% confidence interval, 93%–99%), respectively.

Conclusions-—Detection of a facial photoplethysmographic signal to determine pulse irregularity attributable to AF is feasible. The
Cardiio Rhythm smartphone application showed high sensitivity and specificity, with low negative likelihood ratio for AF from facial
photoplethysmographic signals. The convenience of a contact-free approach is attractive for community screening and has the
potential to be useful for distant AF screening. ( J Am Heart Assoc. 2018;7:e008585. DOI: 10.1161/JAHA.118.008585.)
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A trial fibrillation (AF) is the most common cardiac
arrhythmia, affecting >8.8 million adults worldwide.1

Prevalence of AF sharply increases with age, and with our
rapidly aging population, prevalence of AF is expected to
double by 2060.2,3 Cardioembolic stroke is one of the most
common complications of AF, and at least 1 in 3 strokes is
directly attributable to AF.4,5 One of the clinical challenges is

to identify AF and initiate stroke prophylaxis before the
occurrence of stroke. However, detection of AF can be
difficult because it is often asymptomatic and intermittent in
duration. In a recent study, AF was first diagnosed at the time
of stroke in nearly 1 in 5 cases.6

Screening can identify asymptomatic AF for stroke prophy-
laxis, but the best method of AF screening is not established. In
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a systematic review, single time-point screening of a general
population aged >65 years detected new AF in 1.4%.7 Current
guidelines recommend opportunistic screening by pulse pal-
pation, followed by confirmatory 12-lead ECG or single-lead
ECG rhythm strip in patients >65 years of age.8,9 Limitations of
screening by pulse palpation include variable diagnostic
accuracy10 and the time to perform a 12-lead ECG.

In recent years, several handheld devices, including stand-
alone and smartphone-based devices and applications, have
been developed for point-of-care AF screening.11,12 The
AliveCor heart monitor (AliveCor, San Francisco, CA) is a Food
and Drug Administration–approved handheld single-lead ECG
device attached to a smartphone with an AF detection
application. Initial validation study of the AliveCor for AF
detection has shown high sensitivity of 98% and specificity of
97%.13 However, the diagnostic performance of the AliveCor as
a screening test in a “real-world”primary care settingwas lower,
with sensitivity of 98% (95% confidence interval [CI], 92%–100%)
and specificity of 91% (95% CI, 89%–93%) in the SEARCH-AF
(Screening Education And Recognition in Community pHarma-
cies of Atrial Fibrillation) study using the same algorithm.12

In addition to handheld ECG devices, smartphones are
capable of detecting pulsatile photoplethysmographic signals
related to cardiac-induced fluctuations in tissue blood
volume using the built-in cameras and LED (light-emitting
diode) smartphone flash.14,15 To date, the photoplethysmo-
graphic signal is typically recorded by placing a finger over
the smartphone camera lens, which measures changes in
reflected light intensity from the LED caused by blood
volume changes in the fingertip. Recent studies have
demonstrated both the Cardiio Rhythm and PulseSMART
finger photoplethysmographic-based smartphone applica-
tions have high sensitivity (92.7% and 97.0%, respectively)
and specificity (99.7% and 93.5%, respectively) in discrimi-
nating an irregular pulse during AF from sinus rhythm.16,17

Facial video recording using the smartphone camera is
a novel method of detecting a pulsatile facial photo-
plethysmographic signal without physical contact,18–20 with

the potential for distant screening. A small proof-of-concept
study supported the feasibility of such a contact-free method
for AF detection,19 but the performance of facial photoplethys-
mography for the detection of AF in a prospective study has not
been reported. The primary aim of this study was to evaluate
the performance of a smartphone application, Cardiio Rhythm,
in detecting AF from facial photoplethysmographic signals
acquired without physical contact, with the patient using 12-
lead ECG as the reference standard. In addition, we compared
the AF detection performance of facial photoplethysmography
with fingertip photoplethysmography, the typical method for
acquiring photoplethysmographic signals using a smartphone.

Methods
The data, analytic methods, and study materials will not be
made available to other researchers for purposes of repro-
ducing the results or replicating the procedure.

Study Population
Inpatients at the Prince of Wales Hospital cardiology ward were
recruited between 1 April and 30 November 2016. These
patients were admitted for clinical reasons. The in-hospital
environment provided a controlled setting and made it more
feasible to perform reference 12-lead ECG measurements.
Informed consent was obtained from all patients, and the study
was approved by the local institutional review board, Joint
Chinese University of Hong Kong–New Territories East Cluster
Clinical Research Ethics Committee (reference no. 2016.550).

Clinical characteristics were recorded, including age, sex,
and history of heart failure, hypertension, stroke, and
coronary artery disease. Stroke prevention therapy, including
oral anticoagulants, antiplatelet therapy, and left atrial
appendage occlusion, was recorded. CHA2DS2-VASc score
(congestive heart failure, hypertension, age, diabetes mellitus,
previous stroke/transient ischemic attack, female sex, and
vascular disease) was calculated on the basis of clinical data.
Body height and weight were measured under standard
anthropometry procedures, and body mass index was calcu-
lated as weight (in kilograms) divided by height (in square
meters). Blood pressure measurements were taken using an
automatic blood pressure monitor (Tango M2; SunTech
Medical, Inc, NC) before AF measurements. The facial skin
color of participants was evaluated using the von Luschan
skin color chart (range, 1–36, with 1 being a lightest skin
color and 36 being a darkest skin color; Figure S1).21

Study Setup for AF Measurement
Two iPhone 6S units (Apple Inc, Cupertino, CA) installed with
the Cardiio Rhythm application (beta version; Cardiio, Inc,

Clinical Perspective

What Is New?

• It is feasible to accurately detect atrial fibrillation without
physical contact by analyzing photoplethysmographic sig-
nals from a person’s face using a smartphone camera.

What Are the Clinical Implications?

• The convenience of a contact-free approach to detect atrial
fibrillation is attractive for community screening and has the
potential to be useful for screening over a distance using
telemedicine.
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Cambridge, MA) were used for simultaneous facial and
fingertip photoplethysmographic detection. A 12-lead ECG
(Mortara ELI 150c; Milwaukee, WI) was performed
after photoplethysmographic measurements. The back-
ground light intensity was measured in unit of lux during
signal acquisition.

Cardiio Rhythm Smartphone Application
Cardiio Rhythm application is a novel smartphone application
that measures the rhythm of the heart through recording
pulsatile photoplethysmographic signal from either the finger-
tip or the face without physical contact. The camera detects
subtle beat-to-beat variations of skin color on the basis of the
amount of reflected light that changes, according to the arterial
blood volume pulsations. Photoplethysmographic waveforms
were sampled at 30 Hz, and each measurement recorded 512
samples (�17 seconds). Photoplethysmographic waveforms
were filtered by using a bandpass filter (0.7–4.0 Hz) to remove
baseline wander and high-frequency noise. Detection of AF was
based on an irregularly irregular pattern in the photoplethys-
mographic waveform attributable to AF. Briefly, the algorithm
computed repeating patterns in the photoplethysmographic
waveform on the basis of autocorrelation analysis and classi-
fied the patterns using a previously trained support vector
machine.22 Each photoplethysmographic recording was
encrypted and wirelessly transmitted to a secure cloud server
to compute the likelihood of a “regular” or an “irregular” pulse,

expressed as a percentage (100% being the highest likelihood)
(Figure 1A and 1B). When the Cardiio Rhythm application was
unable to interpret the photoplethysmographic signal, the
reading was defined as “uninterpretable”. Three consecutive
uninterpretable photoplethysmographic readings are rare with
normal sinus rhythm and can be attributable to variability in
photoplethysmographic wavelength and amplitude during AF,
leading to uninterpretable photoplethysmographic signals. In
this study, a positive test screening for AF was defined as either
of the following: (1) detection of an irregular heart rhythm in ≥1
photoplethysmographic measurements or (2) 3 consecutive
uninterpretable photoplethysmographic measurements. All
other combinations were categorized as a negative test
screening for AF.

The Cardiio Rhythm application uses the same heart rate
measurement algorithm as the Cardiio: Heart Rate Monitor
application that has previously been validated for measuring
heart rate at rest and after exercise against 12-lead ECG23

and against a Food and Drug Administration–cleared pulse
oximeter.24

Facial Photoplethysmographic Detection
Each participant was asked to sit in front of an iPhone placed
upright on a desk �30 cm away. A large circle that displayed
the front camera’s field of view appeared on the iPhone
screen once the Cardiio Rhythm application was activated and
the participant was instructed to position his/her entire face

Figure 1. Examples of photoplethysmographic (PPG) recordings analyzed by Cardiio Rhythm application from patients in atrial fibrillation (A)
and sinus rhythm (B). C, Setup to acquire PPG signals from face by using the front camera. D, Obtaining PPG signals from fingertip by using the
back camera.
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within the circle during the measurement session (Figure 1C).
The participant was instructed to hold the head still and not
talk during each measurement. Continuous pulsatile photo-
plethysmographic signal from the face, detected by the
camera, was displayed in real time on the bottom of the
iPhone screen. A new measurement would automatically
restart when poor photoplethysmographic signal quality was
detected. Three consecutive 20-second (total of 60 seconds)
measurements were performed for each patient.

Fingertip Photoplethysmographic Detection
The finger photoplethysmographic signal was measured
simultaneously with the facial photoplethysmographic mea-
surement. Patients were instructed to cover the camera on
the back of a second iPhone with their left index finger
(Figure 1D). Continuous pulsatile photoplethysmographic sig-
nal from the fingertip detected by the camera was displayed in
real time on the bottom of the iPhone screen. Again, 3
consecutive 20-second (total of 60 seconds) measurements
were performed for each patient.

ECG (12 Lead)
A 12-lead ECG was performed immediately after facial and
finger photoplethysmographic measurements to serve as the
reference standard. The ECG recordings were analyzed for the
presence of AF by a cardiologist (B.P.Y.) blinded to the
photoplethysmographic results. Patients with an implanted
pacemaker were excluded if the pacemaker was configured in
active pacing mode.

Statistical Analysis
Continuous and discrete variables were presented as
means�SD or median (interquartile range) and as numbers
and percentages, respectively. Independent t test and Mann-
Whitney U tests were performed to test the difference
between means and medians, respectively. v2 Test and
Fisher’s exact test were performed to determine differences
in categorical variables between groups. The diagnostic
accuracy of both facial and finger photoplethysmography for
AF detection was determined using 12-lead ECG as the
reference standard. The calculations of sensitivity, speci-
ficity, predictive value, likelihood ratio, diagnostic odds ratio,
and prevalence for AF diagnosis were performed by using
292 contingency tables as simple proportions, with corre-
sponding 95% CIs. Cohen’s j coefficients were calculated to
measure the agreement between finger and facial photo-
plethysmographic detection for AF. A j value of >0.8
indicated excellent agreement.25 Univariate logistic regres-
sion models were performed to explore differences between

characteristics of participants and facial photoplethysmo-
graphic detection failure. Multivariate logistic regression
analysis was then performed to determine predictors of
facial photoplethysmographic detection failure, controlling
for age, sex, facial skin color, background light intensity,
stroke risk scores, antithrombotic treatment received, sys-
tolic blood pressure, and resting heart rate. Last, a backward
stepwise multivariate logistic analysis was used. All analyses
were 2 tailed, and P<0.05 was considered statistically
significant. Statistical analyses were performed using IBM
SPSS statistical software (IBM SPSS Statistics for Windows,
version 22.0; IBM Corporation).

We calculated a sample size of 211 was needed to test the
performance of the diagnostic test, with a false-positive result
of <5% with 95% confidence on the basis of an estimated AF
prevalence of 30% in our study population and an expected
test sensitivity and specificity of 95%.

Results

Study Population
Of the 233 patients enrolled, 217 were included in the final
analysis. A total of 16 patients were excluded because of the
presence of an active pacemaker (n=12) or because they
declined to complete all measurements (n=4) (Figure 2). The
mean age of subjects was 70.3�13.9 years, and 71.4% were
men. The median von Luschan skin color among patients was
24 (interquartile range, 21–25); 4.1% of patients were of
darker skin color (von Luschan scale score, >27); the lightest
skin color was 6 and the darkest was 31 on the von Luschan
scale. A 12-lead ECG showed AF was present in 75
participants (34.6%) at the time of study. There were 4
participants (1.8%) who were newly diagnosed with AF.
Table 1 showed the characteristics of the patients according
to the presence of AF. The AF group had a higher CHA2DS2-
VASc score of 4.5�2.0 compared with non-AF group
(P<0.01); 66.6% were either receiving oral anticoagulation
therapy or had undergone left atrial appendage occlusion for
stroke prevention. The AF group was more likely to have a
history of transient ischemic attack or stroke, congestive
heart failure, and hypertension (all P<0.05) compared with
non-AF group.

Facial Photoplethysmography Versus 12-Lead
ECG
All 217 facial photoplethysmographic classification results
produced by the Cardiio Rhythm application were analyzed.
The Cardiio Rhythm application identified an irregular pulse
in 77 subjects (35.5%) and a regular pulse in 140 subjects
(64.5%) (Table 2). Facial photoplethysmography yielded a
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sensitivity of 94.7% (95% CI, 87.1%–97.9%) and specificity of
95.8% (95% CI, 91.1%–98.1%) (Table 3). The Cardiio Rhythm
application produced an accuracy of 95.4% and j of 0.90
(95% CI, 0.84–0.96). False-positive results (n=6/217 [2.8%])
were caused by premature ventricular contraction (n=2),
premature atrial complexes (n=1), bradycardia (n=2), and
right bundle branch block (n=1). In this study population, the
positive likelihood ratio was 22.4 (95% CI, 10.2–49.1) and
the negative likelihood ratio was 0.06 (95% CI, 0.02–0.15).
The positive and negative predictive values were 92.2% (95%
CI, 84.4%–96.3%) and 97.1% (95% CI, 92.9%–98.9%),
respectively.

Fingertip Photoplethysmography Versus 12-Lead
ECG
From 217 fingertip photoplethysmographic results classified
by the Cardiio Rhythm application, 81 (37.3%) were labeled
as an irregular pulse and 136 (62.7%) were labeled as a
regular pulse (Table 2). Fingertip photoplethysmographic
results had a sensitivity of 94.7% (95% CI, 87.1%–97.9%)
and specificity of 93.0% (95% CI, 87.5%–96.1%) (Table 3). An
accuracy of 93.5% and j of 0.86 (95% CI, 0.79–0.93) were
obtained. In this study population, the positive likelihood
ratio was 13.4 (95% CI, 7.4–24.5) and the negative likelihood
ratio was 0.06 (95% CI, 0.02–0.15). A positive predictive
value of 87.7% (95% CI, 79.6%–92.8%) and a negative
predictive value of 97.1% (95% CI, 92.7%–98.9%) were
estimated.

Facial Versus Fingertip Photoplethysmography
The agreement between facial and fingertip photoplethysmo-
graphic detection was excellent. Table 4 showed that 203
facial photoplethysmographic results matched the fingertip
photoplethysmographic results (93.5%), with j of 0.86 (95%
CI, 0.79–0.93).

Consecutive Uninterpretable
Photoplethysmographic Signals
Three consecutive uninterpretable photoplethysmographic
readings was considered a positive test screening for AF in
this study. There was 1 case of false positive with 1 patient
(0.5%) who had 3 consecutive uninterpretable finger photo-
plethysmographic signals, but regular pulse by facial photo-
plethysmography and sinus rhythm on 12-lead ECG. The likely
explanation for this case was loose contact between the
fingertip and camera, causing poor-quality photoplethysmo-
graphic signals. All 9 patients (4.1%) with 3 consecutive
undetectable facial photoplethysmograms were considered to
have an irregular pulse by finger photoplethysmography and
were confirmed to be in AF on 12-lead ECG. In the univariate
logistic regression analysis, facial skin color (range, 6–31 in
our study) and background light intensity (range, 37–968 lux)
were not associated with consecutive uninterpretable facial
photoplethysmographic recordings (P=0.89 and P=0.79,
respectively), suggesting that skin color and light intensity
did not affect the success rate of facial photoplethysmo-
graphic acquisition. In the backward stepwise multivariate

Figure 2. Flowchart of study participants. PPG indicates photoplethysmography.
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logistic regression analysis, subjects with systolic blood
pressure <120 mm Hg (odds ratio, 6.8; 95% CI, 1.3–34.6;
P=0.02) and increased resting heart rate (odds ratio, 1.05;
95% CI, 1.0–1.1; P=0.02) were associated with an increased
likelihood of Cardiio Rhythm application in producing 3
consecutive uninterpretable facial photoplethysmographic
readings; results were confirmed by the nonautomated model.

Discussion
This is the first study reporting the diagnostic accuracy of a
contact-free photoplethysmographic-based method for AF
screening. The Cardiio Rhythm algorithm was able to accu-
rately diagnose AF on the basis of facial

photoplethysmographic signals, with a high sensitivity and
specificity in a controlled setting with respect to the reference
diagnosis of a 12-lead ECG. The diagnostic accuracy of the
Cardiio Rhythm facial photoplethysmography was comparable
to the fingertip photoplethysmography in this study. High
sensitivity, low likelihood ratio, and convenience of a contact-
free approach are attractive qualities for potential application
in large-scale community AF screening.

The diagnostic performance of the Cardiio Rhythm facial
photoplethysmography to detect AF is also comparable to
other screening methods and devices. Pulse palpation has a
sensitivity of 92% but only a modest specificity of 82%, which
means more false-positive results.26 A recent systematic
review and meta-analysis found that modified

Table 1. Characteristics of the Study Participants According to the Presence of AF

Characteristics

AF Absent AF Present All

P Value(n=142) (n=75) (N=217)

Age, mean�SD, y 67.8�15.0 75.0�10.0 70.3�13.9 <0.01

Male sex, n (%) 101 (71.1) 54 (72) 155 (71.4) 0.89

von Luschan skin color, median (IQR) 24 (21–25) 24 (20–25) 24 (21–25) 0.89

BMI, mean�SD, kg/m2 24.7�5.0 24.4�3.7 24.6�4.6 0.71

SBP, mean�SD, mm Hg 132.3�21.0 132.9�21.8 132.5�21.2 0.83

DBP, mean�SD, mm Hg 74.0�13.7 75.7�13.5 74.6�13.6 0.39

Heart rate at rest, mean�SD, bpm 67.9�11.6 80.9�17.2 72.4�15.1 <0.001

Light intensity, median (IQR), lux 127 (99–199) 159 (121–199) 151 (99–199) 0.14

Stroke risk scores

CHA2DS2-VASc score, mean�SD 3.1�1.9 4.5�2.0 3.6�2.1 <0.01

CHA2DS2-VASc score ≥2, n (%) 108 (76.1) 70 (93.3) 178 (82.0) <0.01

Comorbidities, n (%)

History of AF 46 (32.4) 71 (94.7) 117 (53.9) <0.01

Diabetes mellitus 45 (31.7) 31 (41.3) 76 (35.0) 0.16

Vascular disease 74 (52.1) 36 (48.0) 110 (50.7) 0.56

TIA or stroke 16 (11.3) 25 (33.3) 41 (18.9) <0.01

Congestive heart failure 27 (19.0) 42 (56.0) 69 (31.8) <0.01

Pacemaker 4 (2.8) 3 (4.0) 7 (3.2) 0.70

Hypertension 77 (54.2) 53 (70.7) 130 (59.9) 0.02

Antithrombotic treatment, n (%)

None 98 (69.0) 13 (17.3) 111 (51.2) <0.01

Antiplatelet therapy 23 (16.2) 36 (48.0) 59 (27.2) <0.01

Oral anticoagulants 23 (16.2) 40 (53.3) 63 (29.0) <0.01

Vitamin K antagonists 12 (8.5) 22 (29.3) 34 (15.7) <0.01

New oral anticoagulants 11 (7.7) 18 (24.0) 29 (13.4) <0.01

LAAO 0 (0) 10 (13.3) 10 (4.6) <0.01

AF indicates atrial fibrillation; BMI, body mass index; bpm, beats per minute; DBP, diastolic blood pressure; IQR, interquartile range; LAAO, left atrial appendage occlusion; SBP, systolic
blood pressure; and TIA, transient ischemic attack.
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sphygmomanometers have a pooled sensitivity of 98% and
specificity of 92%, whereas non–12-lead ECGs have a
sensitivity of 91% and a specificity of 95% in detecting an

irregular pulse and suspected AF.27 Recently, several studies
have reported the use of smartphone cameras to differentiate
between AF and sinus rhythm using fingertip photoplethys-
mographic signals.16,28,29 In a study by McManus et al,
fingertip photoplethysmographic signal recorded using an
iPhone 4S in 76 patients before and after cardioversion had a
sensitivity of 96% and specificity of 97% in discriminating AF
from sinus rhythm.28 In another study using the same
algorithm and iPhone 4S in 80 inpatients and outpatients
yielded a reduced sensitivity and specificity of 90% and 85%.29

The diagnostic performance of the Cardiio Rhythm fingertip
photoplethysmographic algorithm was first reported by Chan
et al in 1013 outpatients compared with the AliveCor’s single-
lead ECG automated algorithm.16 The diagnostic sensitivity of
the Cardiio Rhythm fingertip photoplethysmography for AF
detection was 92.9%, which was higher than that of the
AliveCor automated algorithm of 71.4%. The algorithm used in
the AliveCor application at that time had been optimized to
provide high specificity (95% CI, 99.4%–99.6%) at the expense
of sensitivity (95% CI, 66.7%–71.4%), because this device was
marketed to individuals rather than health professionals.30,31

The specificity of the Cardiio Rhythm application (97.7%) was
comparable to that of the AliveCor automated algorithm
(99.4%).

Smartphones are increasingly accessible by the elderly
population. It is estimated that 19 million people worldwide
use mobile health devices, and the number is increasing,
which offers great opportunities for AF screening through
smartphone applications.32 Both finger- and facial-based
methods for smartphone AF detection are attractive because
both preclude the need for additional hardware, wires, or
electrodes. On the other hand, drawbacks of the finger-based
method include the need to teach patients to apply just the
right amount of fingertip pressure on the camera/flash to

Table 2. Diagnostic Accuracy of Cardiio Rhythm Facial and
Fingertip Photoplethysmography in Detecting AF

Variable
AF Present on
12-Lead ECG

AF Absent on
12-Lead ECG Total

Cardiio Rhythm facial
photoplethysmography
positive

71 (32.7) 6 (2.8) 77

Cardiio Rhythm facial
photoplethysmography
negative

4 (1.8) 136 (62.7) 140

Total 75 142 217

Cardiio Rhythm fingertip
photoplethysmography
positive

71 (32.7) 10 (4.6) 81

Cardiio Rhythm fingertip
photoplethysmography
negative

4 (1.8) 132 (60.8) 136

Total 75 142 217

Data are given as number (percentage). The percentages were the number in each cell
divided by the total number of tests.
AF indicates atrial fibrillation.

Table 3. Diagnostic Test Results of Facial and Fingertip
Photoplethysmography in Detecting AF

Variable

Facial
Photoplethysmography

Fingertip
Photoplethysmography

Estimate 95% CI Estimate 95% CI

Sensitivity, % 94.7 87.1–97.9 94.7 87.1–97.9

Specificity, % 95.8 91.1–98.1 93.0 87.5–96.1

Positive
predictive
value, %

92.2 84.4–96.3 87.7 79.6–92.8

Negative
predictive
value, %

97.1 92.9–98.9 97.1 92.7–98.9

Positive
likelihood ratio

22.4 10.2–49.1 13.4 7.4–24.5

Negative
likelihood ratio

0.06 0.02–0.15 0.06 0.02–0.15

Diagnostic
odds ratio

402.3 109.9–1472.3 234.3 70.9–773.9

Prevalence, % 34.6 28.3–41.3 34.6 28.3–41.3

Cohen’s j
coefficient

0.90 0.84–0.96 0.86 0.79–0.93

Predictive
accuracy, %*

95.4 93.5

AF indicates atrial fibrillation; and CI, confidence interval.
*The sum of true positives and true negatives divided by the total number of tests.

Table 4. Contingency Table Comparing the Test Screening
Results Between Facial and Fingertip Photoplethysmography

Variable

Cardiio Facial
Photo-
plethysmography
Positive

Cardiio Facial
Photo-
plethysmographic
Negative Total

Cardiio fingertip
photo-
plethysmography
positive

131 (60.4) 5 (2.3) 136

Cardiio fingertip
photo-
plethysmography
negative

9 (4.1) 72 (33.2) 81

Total 140 77 217

Data are given as number (percentage). The percentages were the number in each cell
divided by the total number of tests.
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ensure a noise-free photoplethysmographic recording, the
difficulty in obtaining photoplethysmographic recordings from
patients with tremors or cold extremities, and the tendency
for the flash to heat up, making it uncomfortable for longer
periods of monitoring. In contrast, the facial photoplethys-
mographic approach offers an alternative that is more
comfortable, hygienic (no physical contact required), and
easy to use. The Cardiio Rhythm smartphone application
could be applied in pharmacies, primary care clinics, or self-
testing at home. Further studies are required to investigate
the feasibility of self-screening by unsupervised patients.
Furthermore, this mobile technology could be self-adminis-
tered to facilitate follow-up of patients after cardioversion or
AF radiofrequency ablation for recurrence of AF. Because the
range of background light intensities in a home setting is
likely to be wider than those encountered in this study setting
of hospital wards, further work is needed to establish the
minimum lighting conditions necessary for successful facial
photoplethysmographic acquisition.

Limitations
Limitations of all photoplethysmographic-based devices
include the need for a confirmatory ECG for suspected
AF.11 Atrial or ventricular extrasystoles are well-known causes
of false-positive results for photoplethysmographic devices
that use RR-interval variability analysis. High false-positive
rates may limit their use as a mass screening tool because of
unnecessary follow-up ECG and healthcare resources. The
lower false-positive rate associated with facial photoplethys-
mography (4.2%) compared with finger photoplethysmography
(7.0%) suggests the former may be a better AF screening
method. Second, there were several detection failures for
photoplethysmographic signals using Cardiio Rhythm applica-
tion because of poor signal quality. Possible causes included
poor lighting, poor skin perfusion, darker skin tone, low
cardiac output state, fingertip loosing contact with the
camera, misalignment of face to camera, and excessive
movement during signal acquisition. This limitation may be
compounded if the device was used by individuals in the home
setting rather than a supervised and controlled setting, such
as in this study. For example, the rate of detection failure may
increase if the smartphone is held by hand instead of being
placed on a stand in a fixed position because of accentuated
motion artifacts. The fact that all detection failures for facial
photoplethysmographic signals were confirmed AF on 12-lead
ECG suggested that the software noise filter was not always
able to detect poorer signal quality because of variability in
pulse volume. Last, there was a short delay between
photoplethysmographic measurements and the 12-lead ECG.
Although unlikely, it is possible that an AF episode captured
by photoplethysmography may have spontaneously terminated

before the 12-lead ECG was recorded or that an AF episode
captured by the 12-ECG only started after the photoplethys-
mographic recordings were performed. Other heart rhythms,
such as ectopics, which were the main reason for false-
positive results, might also have changed in that time period.
Future versions of the AF detection algorithm should aim to
reduce poor photoplethysmographic signal quality and differ-
entiate between AF and extrasystoles.

Conclusion
The Cardiio Rhythm facial photoplethysmographic application
is a user-friendly stand-alone smartphone application that
may provide an inexpensive means to detect AF without
physical contact. We tested a beta version of the application
that demonstrated high accuracy, sensitivity, and specificity
under a controlled setting. Further research is needed to
determine the performance of the Cardiio Rhythm application
in real-world clinical practice, and by the general public in
diverse settings.
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Figure S1. The von Luschan skin color chart. 
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