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Aims Recent studies suggest that atrial fibrillation (AF) burden (time AF is present) is an independent risk factor for stroke. The 
aim of this trial was to study the feasibility and accuracy to identify AF episodes and quantify AF burden in patients with a 
known history of paroxysmal AF with a photoplethysmography (PPG)-based wearable.

Methods 
and results

In this prospective, single-centre trial, the PPG-based estimation of AF burden was compared with measurements of a con
ventional 48 h Holter electrocardiogram (ECG), which served as the gold standard. An automated algorithm performed 
PPG analysis, while a cardiologist, blinded for the PPG data, analysed the ECG data. Detected episodes of AF measured 
by both methods were aligned timewise.Out of 100 patients recruited, 8 had to be excluded due to technical issues. 
Data from 92 patients were analysed [55.4% male; age 73.3 years (standard deviation, SD: 10.4)]. Twenty-five patients pre
sented AF during the study period. The intraclass correlation coefficient of total AF burden minutes detected by the two 
measurement methods was 0.88. The percentage of correctly identified AF burden over all patients was 85.1% and the re
spective parameter for non-AF time was 99.9%.

Conclusion Our results demonstrate that a PPG-based wearable in combination with an analytical algorithm appears to be suitable for a 
semiquantitative estimation of AF burden in patients with a known history of paroxysmal AF.

Trial  
Registration  
number
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Introduction
Atrial fibrillation (AF) is related to a significant burden for global health
care systems due to associated morbidity and mortality.1 Present treat
ment recommendations for the prevention of cardioembolic stroke are 
based on the diagnosis of AF and vascular risk factors (implemented in 
the CHA2DS2-VASc score).2 However, recent data from implantable 
cardiac devices and wearable sensors suggest that, for the determin
ation of the individual stroke risk, AF might not be taken as a binary 
state (present or absent) but as a more differentiated factor.3,4 The 
gradual impact of AF on stroke risk seems to correlate with AF burden, 
which can be defined as the amount of time an individual spends in AF.2

Atrial fibrillation burden can be measured in a quantitative way if con
tinuous monitoring devices are used. It can be defined by the number 
and longest duration of AF episodes during a monitoring period, or 
the proportion of time in AF during a monitoring period.4 Clinical stud
ies have evaluated the correlation between subclinical AF burden de
tected by implanted devices and stroke risk (ASSERT; TRENDS, SOS 
AF).5–7 They found that AF episodes lasting longer than 24 h or AF bur
den >5.5 h/day were associated with an increased risk for stroke. 
Accordingly, recent studies suggest that a higher AF burden is asso
ciated with a higher risk for stroke, heart failure, and mortality.3,8–10

Wrist-worn photoplethysmography (PPG)-based monitoring devices 
have been shown to provide high accuracy AF detection.11–13 These de
vices represent a promising tool for low cost, convenient to wear, easily 
accessible, near continuous AF burden monitoring in a broad 

population.14 In this clinical trial, our aim was to study the feasibility 
and accuracy of a non-invasive PPG-based monitoring device coupled 
with an AF screening algorithm to identify AF episodes and determine 
AF burden in patients with a known history of paroxysmal AF.

Methods
Participants
Ethics approval for this prospective, single-centre trial was obtained from 
the local ethics committees (BB 141/16, EKNZ BASEC 2016-01175). 
Ambulatory and hospitalized patients of the University Hospital Basel, 
Switzerland, were screened for inclusion and exclusion criteria on the basis 
of electronic patients’ records. Patients 18 years old or older, with a known 
history of paroxysmal atrial fibrillation and no implanted cardiac device (e.g. 
pacemaker, implantable cardioverter defibrillator) were eligible for the 
study. If these conditions were met, patients were recruited after giving 
written informed consent.

Investigational products
The algorithm used in this trial was developed for the screening of AF epi
sodes and quantification of AF burden based on a PPG signal (Heartbeats 
algorithm, Preventicus®, Jena, Germany, version 1.1.4). The algorithm is 
clinically validated, CE marked, and certified as medical device (Class 
IIa).11,15 Study participants were equipped with a wrist-worn PPG sensor 
integrated in a smartwatch or a bracelet (CardioWatch 287-1, Corsano 
Health B.V., Bussum, The Netherlands, manufactured by MMT, Geneva, 
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Switzerland), a smartphone (Samsung Galaxy A40, Android OS, Samsung 
Electronics Co., Ltd, Seoul, South Korea) and a Holter ECG. The PPG sen
sor integrated in both devices has been certified as medical device under 
EU-MDR standards (European Union Medical Devices Regulations), bears 
CE conformity marking, and uses the sampling frequency of 25 Hz. The 
PPG sensor and the smartphone were linked via Bluetooth using an App 
provided by the sensor manufacturer (MMT-365-App, Geneva, 
Switzerland). Holter ECGs (SEER™ 1000, GE Healthcare, Getemed AG, 
Freiburg, Germany) served as gold standard to compare with the PPG 
signal-based data. The devices use a sampling frequency of 256 Hz and gen
erate two leads (by five electrodes).

Data collection
During the per-protocol monitoring time of 48 h, a PPG and a Holter ECG 
measurement were obtained in parallel. The PPG sensor and the Holter 
ECG were synchronized at the beginning of the measurement. Patients 
were asked to document their symptoms or events during the monitoring 
period in a simplified Holter Monitor Diary. After the monitoring period, 
the patients returned all devices to the trial team, which downloaded all 
the data to a local database.

Processing of photoplethysmography 
recordings
De-identified PPG files were then analysed with the Heartbeats algorithm 
by company staff, who were blinded for all other data, including ECG 
data and medical information. The algorithm evaluates data segments that 
span 60 consecutive seconds (timestamp xx:00 to xx:59) using a complex 
non-linear combination analysis comprising beat-to-beat changes of pulse 
wave time intervals and pulse wave morphology to discriminate between 
SR and atrial arrhythmia. It assigns for each of these 1 min segments one 
of the three possible labels: ‘Afib’ (Atrial fibrillation), ‘SR’ (sinus rhythm), 
or ‘Noise’ (e.g. insufficient quality). If more than 10% of the 1 min segment 
in the PPG signal is disturbed by motion artefacts or other disruptive fac
tors, the whole segment is considered ‘Noise’ by the algorithm and ex
cluded from the analysis. Subsequently, technicians of an associated 
telecare provider (Telecare, Ulm, Germany) performed a visual quality con
trol of suspected AF episodes in the PPG data. The technicians visually ana
lyzed the PPG signal without having any access to the corresponding ECG 
data. If the technicians saw irregular heartbeats and a high variability in the 
heart rate, they confirmed the suspicious segment as AF episode. Each con
firmed AF episode in the PPG data, labelled as ‘Afib’, and each ‘Noise’ epi
sode, was documented with two timestamps marking start and end of the 
episodes.

Interpretation of electrocardiogram 
recordings
The ECG recordings were analysed using standard software (Cardioday® 

V2.5, GE Healthcare, Getemed AG, Freiburg, Germany). The first step of 
the ECG interpretation was an automated analysis by the ECG software. 
In a second step, the supervising physician examined the ECG data and 
evaluated if the automated interpretation was correct or had to be recti
fied. Then a senior cardiologist validated the ECG analysis and corrected if 
necessary. In a third step, a second senior cardiologist and electrophysi
ology fellow was consulted for remaining uncertainties and to validate cor
rections made after the automated analysis. Consensus was reached in all 
uncertainties. The clinical experts analysed the ECG data for ‘Afib’ epi
sodes and ‘Noise’ episodes, which were documented with two time
stamps marking start and end of the episodes. The monitoring time that 
was not labelled as ‘Afib’ or ‘Noise’ was automatically labelled as 
‘Normal Rhythm’. This included regular sinus rhythm (SR) and other 
rhythms like supraventricular tachycardia (including AV-node reentry 
tachycardia), atrial or ventricular premature beats, or sinus arrhythmia 
with irregular beats but with distinguishable P-waves. An AF episode 
was defined as absolute atrial arrhythmia with a length ≥1 min. This def
inition deviates from the more common definition of an absolute atrial ar
rhythmia lasting longer than 30 s,2 because the PPG algorithm needs at 
least 1 min to decide whether the segment is ‘Afib’, ‘SR’, or ‘Noise’. 
Atrial flutter was counted as AF, because according to the European 

Society of Cardiology (ESC) guidelines, it has the same therapeutic conse
quences as AF.2 Contrary to the PPG data, an AF episode in the ECG data 
was annotated on the exact beat the arrhythmia began and therefore, the 
AF episode could begin on any given second of a minute. Disturbed data 
segments of insufficient quality, which took up more than 30 s at a stretch, 
were labelled as ‘Noise’ and excluded from the analysis. In ‘Normal 
Rhythm’ segments, the signal was labelled as ‘Noise’ if the P-wave was 
not discernible due to artefacts. ‘Afib’ episodes were labelled as inter
rupted by ‘Noise’ episodes if the beats were indistinguishable from each 
other and therefore, the arrhythmia was not recognizable. If more than 
one SR beat occurred subsequently during an ‘Afib’ episode, the episode 
was interrupted and divided into two. All physicians were blinded for the 
PPG analysis.

Data merging
After the ECG analysis was completed, results of the PPG analysis were 
returned to the University Hospital Basel, re-identified, and merged 
with the ECG diagnosis for statistical analysis. The data merging was per
formed using a script in R studio (Version 2022.02.3-492, R Studio, Inc., 
Boston, MA, USA), which was written in cooperation with the 
Preventicus Company and the supervising physician at the University 
Hospital Basel. An independent data scientist of the Zurich University 
of Applied Sciences checked the script for errors and possible biases. 
As an initial step, the R script aligned the PPG and ECG measurements 
timewise to assess the evaluable monitoring time (simultaneously moni
tored time without ‘Noise’ segments in either PPG or ECG signal, as 
seen in Supplementary material online, Figure S1). Then the ‘Afib’ episodes 
of the PPG data, as documented by the respective timestamps, were com
pared with those of the ECG data for each patient (as illustrated in 
Figure 1). The correct identification of an AF episode (true positive epi
sode) was defined as an overlap of an AF episode detected by both 
PPG and ECG analyses lasting longer than 10 consecutive seconds. The 
detected AF burden was defined as the cumulative amount of time in 
AF and was assessed in seconds first and later converted to AF burden 
minutes for practical reasons. ‘Afib’ seconds that were detected by 
both methods were labelled true positive (yellow segment in Figure 1), 
those only detected by the ECG signal were labelled false negative (blue 
segment in Figure 1), and those that were only seen in the PPG data 
were labelled false positive (red segment in Figure 1). True negative 
non-AF time was defined as time that was neither labelled as ‘Afib’ or 
‘Noise’ in both methods, shown as green segment in Figure 1. To compare 
patients with differing monitoring times, a percentage of time in AF (ratio 
between time in AF and evaluable monitoring time) was calculated for 
each patient.

Statistical analysis
Categorical variables are reported as absolute numbers and percentage and 
continuous variables are reported as median or mean with standard devi
ation and ranges. The statistical analysis was performed in R studio. To as
sess the diagnostic accuracy of the PPG-based estimation of AF burden 
compared with the ECG gold standard, a percentage of correctly identified 
AF burden minutes and a percentage of correctly identified non-AF time 
were calculated for each patient. The percentage was calculated by dividing 
the true positive or the true negative minutes by the amount of AF burden 
or non-AF time detected by the ECG. The proportion of correct detections 
over all patients was estimated using a logistic regression model. In this 
model, the correctness of the PPG signal for each 1 min time window 
was regressed on just an intercept plus a random effect for the individual 
patient. By doing so, the across-patient odds of correct detection are esti
mated by the intercept, while allowing each patient to have his/her deviation 
from these across-patient odds. Transforming the odds intercept to a pro
portion gives an estimate of the across-patients proportion of correct de
tections and allows us to correctly estimate this proportion’s standard 
error and thus confidence interval. An intraclass correlation coefficient 
(ICC) analysis with a two-way mixed effect model was used to assess the 
agreement between the ECG and PPG measures concerning AF burden 
minutes, non-AF time, and percentage of time in AF. The agreement is illu
strated in a Bland–Altman plot.
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Results
Patient characteristics
One hundred patients were enrolled between October 2020 and 
December 2021. Eight patients had to be excluded from the analysis. 
Four due to malfunction of the PPG measurement, two due to unre
turned devices, and two due to impaired time matching between 
PPG and ECG signal. Therefore, a total of 92 patients were included 
in the analysis. Patient characteristics are listed in Table 1. Included 
were 41 females (44.6%) and 51 males (55.4%). The mean age was 
73.3 (standard deviation, SD: 10.4) years. Prior to the study, all patients 
were diagnosed with paroxysmal AF. However, during the study peri
od, 25 patients (27.2%) had AF episodes detected by the ECG in the 
evaluable monitoring time and 67 had no detected AF episodes. In or
der to simplify these findings in the following results, we divided the pa
tients into a group that did not have any AF episodes during the study 
period (non-AF group) and a group that did have AF episodes (AF 
group). The AF group was older, 74.5 (SD: 9.8) vs. 72.8 (SD: 10.6), 
but the difference proved to be insignificant (P-value = 0.494).

Evaluable monitoring time
Due to technical issues with the PPG sensors and patient incompliance, 
the per-protocol simultaneous monitoring time of PPG and ECG mea
surements (48 h) was reduced to 43.7 h on average (2622 min), median 
47.8 h (2870 min). For additional information on simultaneous moni
toring time, see Supplementary material online, Figure S3. The percent
age of signals classified as noise (proportion of time that had to be 
excluded from analysis) was, on average, 50.7% (SD: 20.5%) in the 
PPG method and 8.2% (SD: 12.6%) in the ECG method. For detailed 
information on noise percentage and evaluable monitoring time, see 
Supplementary material online, Figures S2–S4 and Table S3.

Atrial fibrillation burden estimation 
performance
A total AF burden of 355.6 h (21 336 min) with an average of 14.2 h 
(853 min) per patient (SD: 686 min; range: 1–1991 min; median: 
847 min) were detected by ECG in the AF group. The PPG algorithm 
labelled a total of 317.8 h (19 070 min) as AF suspicious. A total of 
272.9 h (16 371 min) were confirmed as PPG AF episodes by techni
cians of an associated telecare provider and the remaining 45 h 
(2699 min) were not confirmed, either due to poor signal quality that 
was not automatically detected or other rhythm disorders which 
were misclassified by the algorithm as AF. After comparison with the 
ECG analysis, the PPG analysis correctly identified an AF burden 
(true positive AF burden) on total of 262.2 h (15 729 min) and an aver
age of 10.5 h (629 min) per patient (SD: 610 min; range: 0–1982 min; 
median: 416 min). Three patients of the AF group did not have any 
true positive AF in the PPG measurements. A total of 10.7 h 
(642 min) in the PPG analysis were false positive, distributed in five pa
tients of the non-AF group. There were no false positive AF burden 
minutes detected by the PPG in the AF group. Results of measured 
AF burden in minutes detected by the ECG, true positive AF burden 
in minutes detected by the PPG, the monitoring time in minutes, and 
the evaluable monitoring time for each patient in the AF group are dis
played in Table 2. The agreement between the ECG and PPG measures 
concerning AF burden was assessed by calculating an ICC of 0.88 and is 
visually illustrated in a Bland–Altman plot (Figure 2). The ICC for agree
ment concerning non-AF time was 1, as illustrated in a Bland–Altman 
plot (Figure 3). If the time segments with disturbed signal in the PPG 
would not have been excluded from the ECG analysis, the ECG would 
have detected an AF burden on total of 764.2 h (45 849 min) in 26 pa
tients and an average of 29.4 h (1763 min) per patient (SD: 1183 min; 
ranging from 1–2870 min; median: 2440 min). The difference between 
the total amount of AF burden detected by the ECG during the 

Figure 1 Conceptual illustration of atrial fibrillation burden classification per patient. First, the atrial fibrillation burden is assessed independently using 
photoplethysmography and electrocardiogram signals (upper and middle row). Using the electrocardiogram-based assessment as gold standard, the 
atrial fibrillation burden assessment is then classified into true/false positive/negative (bottom row). The time unit of this classification is 1 s.
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evaluable monitoring time and the AF burden that was detected by the 
ECG during the simultaneous monitoring time was referred to as 
‘missed’ AF burden. An overview of the mentioned results is displayed 

in Table 3. The percentage of correctly identified AF burden over all pa
tients as calculated by using the described logistic mixed regression 
model was 85.1% (95% confidence interval 57.9–95.8%) and the per
centage of correctly identified non-AF time over all patients was 
99.9% (95% confidence interval 99.9–100.0%). The ICC concerning 
the percentage of time in AF measured by the ECG and by the PPG 
was 0.91. The agreement between the two measurement methods is 
illustrated in a Bland–Altman plot (Figure 4).

Atrial fibrillation episode detection by PPG was distorted because of 
fragmentation of PPG episodes due to disturbed data segments. See 
Supplementary material online, Figures S5–S7 for AF episode detection 
analysis and Supplementary material online, Figure S8 and Table S1, S2, 
and S4 for sub-group analysis of ambulatory and hospitalized patients.

Discussion
This study evaluated the accuracy of a wrist-worn PPG-based monitor
ing device coupled with an AF screening algorithm to identify AF epi
sodes and determine AF burden. Due to fragmentation by noisy 
signals, the absolute quantification of AF episodes did not prove to 
be a suitable parameter to quantify AF burden. It would have been pos
sible to summarize multiple PPG AF episodes overlapping with a single 
ECG AF episode and count them as a single AF episode as described 
earlier by Wasserlauf et al.12 This, however, would have resulted in 
the overestimation of AF episode detection accuracy. True positive 
AF burden in minutes per patient, measured by PPG, showed a high 
correlation to the respective parameter measured by the Holter 
ECG as visualized in the Bland–Altman plot (Figure 2) and the ICC. 
Although the PPG measurement was prone to underestimate the AF 
burden per patient, the difference between the two measurement 
methods was evenly distributed among patients with lower AF burden 
and higher AF burden (Figure 2). The percentage of correctly identified 
AF burden by PPG in relation to the Holter ECG was high (85.1%). Five 
patients, however, had a particularly low percentage, which resulted in a 
wide limit of agreement of ±500 min. Three of the 25 patients in the AF 
group had zero detected AF burden minutes in the PPG analysis. 
Analysing patient characteristics that could lead to a potential decrease 
in PPG sensitivity like skin tone, tattoos in the PPG sensor area, hairi
ness16 or the BMI (due to different optical properties of the skin in ob
ese patients17,18) did not lead to any possible explanation for the 
reduced percentage of correctly identified AF burden in these patients. 
In general, our patient collective consisted of a heterogeneous group 
concerning the properties skin tone, hairiness and BMI, as shown in 
Table 1. Analysing the original ECG data of these patients showed 
that two of them presented a frequent alternation between atrial fibril
lation and atrial flutter. The third patient only had 1 min of AF detected 
by ECG and the other two patients did not show any exceptional 
rhythm pattern. Atrial flutter with a relatively regular heart rate can 
lead to AF detection problems by PPG, because there is little to no vari
ation between the beats, leading to a higher rate of false negative AF 
burden minutes. The amount of false positive AF burden was low, de
scribed as a high percentage of correctly identified non-AF time. False 
positive AF burden minutes were detected in 5 of 67 patients in the 
non-AF group and correlated with a high rate of irregular beats in 
the ECG signal due to atrial and ventricular premature beats. 
Therefore, the PPG signal did not overestimate the AF burden in pa
tients with true AF episodes during the study period. In order to gen
eralize the findings for patients with differing monitoring times due to 
technical issues, we assessed the relative parameter of percentage of 
time in AF per patient and per measurement method. The correlation 
of the two measurement methods, as described by the ICC and visua
lized in the Bland–Altman plot (Figure 4), was high. Due to the reason 
that many patients (13 out of 25) had a percentage of time in AF of 
100% measured by the gold standard, the average measurement 
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Table 1 Patients characteristics over all patients and 
stratified by atrial fibrillation

Patient 
characteristics

N (%) or mean (SD)

Overall AF group Non-AF 
group

N 92 25 67
Age in years  

[mean (SD)]

73.26 (10.37) 74.48 (9.81) 72.81 (10.60)

Gender = male (%) 51 (55.4) 14 (56.0) 37 (55.2)
Setting = hospitalized 

(%)

53 (57.6) 15 (60.0) 38 (56.7)

Measurement  
device = smartwatch 

(%)

59 (64.1) 12 (48.0) 47 (70.1)

AF = Non-AF (%) 67 (72.8)
BMI category (%)

1 ≤ 18.5 

(underweight)

4 (4.4) 1 (4.0) 3 (4.5)

2 = 18.5–24.9 

(normal weight)

37 (40.7) 9 (36.0) 28 (42.4)

3 = 25–29.9 
(overweight)

31 (34.1) 7 (28.0) 24 (36.4)

4 ≥ 30 (obese) 19 (20.9) 8 (32.0) 11 (16.7)

Skin colour Fitzpatrick scale (%)
1 14 (15.2) 2 (8.0) 12 (17.9)

2 47 (51.1) 15 (60.0) 32 (47.8)

3 21 (22.8) 6 (24.0) 15 (22.4)
4 7 (7.6) 0 (0.0) 7 (10.4)

5 3 (3.3) 2 (8.0) 1 (1.5)

Tattoo in PPG sensor 
area = Yes (%)

1 (1.1) 1 (4.0) 0 (0.0)

Hairiness (%)

1 = mild 60 (65.2) 14 (56.0) 46 (68.7)
2 = moderate 23 (25.0) 7 (28.0) 16 (23.9)

3 = excessive 9 (9.8) 4 (16.0) 5 (7.5)

CHA2DS2-VASc score (%)
0 4 (4.3) 1 (4.0) 3 (4.5)

1 7 (7.6) 1 (4.0) 6 (9.0)

2 15 (16.3) 4 (16.0) 11 (16.4)
3 17 (18.5) 5 (20.0) 12 (17.9)

4 18 (19.6) 4 (16.0) 14 (20.9)

5 13 (14.1) 4 (16.0) 9 (13.4)
6 14 (15.2) 3 (12.0) 11 (16.4)

7 2 (2.2) 1 (4.0) 1 (1.5)

8 2 (2.2) 2 (8.0) 0 (0.0)

AF, atrial fibrillation. 
The described BMI categories were defined by the World Health Organization (WHO). 
Skin colour was assessed using the Fitzpatrick scale and hairiness of the skin in the PPG 
sensor area was assessed using a subjective visual rating scale. 
The CHA2DS2-VASc Score is a clinical score to assess stroke risk for patients with 
atrial fibrillation based on gender, age, and vascular risk factors.
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between the two methods increased in a linear fashion in relation to a 
decrease in the difference of the two measurements. This explains the 
linear relation of the dots on the right-hand site of the Bland–Altman 
plot (Figure 4).

The PPG method was prone to artefacts in the measurement data 
leading to a high noise percentage and thereby reducing the evaluable 
monitoring time. This can result in an uncertainty concerning the 
true amount of AF burden of the individual patient during the monitor
ing period due to missed AF episodes. It could especially be a problem in 
out-patients, who are an important target population for continuous 
AF monitoring in the future, because they would be especially prone 
to a high amount of motion artefacts during everyday life activities. 
We analysed the ‘missed’ AF burden, describing the amount of AF bur
den detected by the ECG in the simultaneous monitoring time but un
detected by the PPG signal, because of noise. The total of ‘missed’ AF 
burden was approximately the same amount as the detected AF bur
den, which correlates to the noise percentage of 50.7%. However, 
the noise percentage of the PPG method in our trial was comparable 
to previous studies with similar conditions. Wasserlauf et al.12, 
for example, were able to analyse, on average per patient, 11.3 h of 
data from a 24 h monitoring period, which would translate to 53% of 
noise and Chang et al.19 were able to analyse 7.7 h, on average per 

patient, out of a 24 h monitoring period, which would translate to 
68% of noise.

There are several possibilities to reduce the noise percentage of the 
PPG measurement data. Earlier studies investigating the detection per
formance of AF by PPG-based wearables took the measurements for 
only a short monitoring time and in resting positions leading to evidence 
mostly based on motionless patients and thus keeping the signal disrup
tion by motion artefacts low. This approach, however, is not suitable to 
assess the continuous, long-term AF detection performance in daily life 
necessary to estimate AF burden. Another possibility is to experiment 
with different sensors and bracelets of the monitoring devices. 
Individual bracelet materials and lengths suited to the individual partici
pant’s anatomy could improve the sensor-to-skin contact and there
fore reduce artefacts. A different approach would be to increase the 
robustness of the PPG algorithm towards disturbed signals so that 
the algorithm would be able to monitor AF even during motion artefact 
periods. Zhu et al.20 for example, were able to reduce the noise per
centage to 32.2% during a 28-day monitoring period by using innovative 
algorithm blocks and system designs. And lastly an alternative would be 
to study the relationship between noise percentage and the amount of 
‘missed’ AF burden and to extrapolate the correctly identified AF bur
den measured by the PPG closer to the true AF burden.
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Table 2 Results of measured atrial fibrillation burden in minutes detected by the electrocardiogram, true positive atrial 
fibrillation burden in minutes detected by the photoplethysmography (with the corresponding percentage of true 
positive atrial fibrillation burden measured by the photoplethysmography in comparison to atrial fibrillation burden 
measured by electrocardiogram), the monitoring time in minutes, and the evaluable monitoring time in minutes (with 
the corresponding percentage of monitoring coverage) for each patient in the atrial fibrillation group

ID 
AF 
group

AF burden minutes 
measured by the 

ECG

True positive AF burden minutes measured by 
the PPG (percentage of true positive AF burden 

measured by the PPG in comparison to AF 
burden measured by ECG)

Monitoring time 
in minutes

Evaluable monitoring time in 
minutes (percentage of 
monitoring coverage)

3 68 27 (40%) 2575 609 (24%)

5 268 0 (0%) 2871 1656 (58%)
8 1837 1160 (63%) 2870 1866 (65%)

9 65 65 (100%) 2870 1693 (59%)

10 1324 538 (41%) 2871 1324 (46%)
12 1945 1918 (99%) 2870 1945 (68%)

20 1566 1558 (99%) 2870 1566 (55%)

22 130 122 (94%) 2340 130 (6%)
24 1309 1216 (93%) 2870 1310 (46%)

30 1991 1981 (99%) 2869 1991 (69%)

32 1685 304 (18%) 2868 1685 (59%)
33 929 779 (84%) 2869 929 (32%)

34 1146 944 (82%) 2541 1146 (45%)

39 641 620 (97%) 2870 1436 (50%)
41 1035 846 (82%) 2870 1715 (60%)

42 417 416 (100%) 2862 1677 (59%)

48 253 242 (96%) 2833 2175 (77%)
56 847 714 (84%) 2868 847 (30%)

63 1 0 (0%) 2871 1410 (49%)

75 1597 104 (7%) 2870 1597 (56%)
76 243 223 (92%) 2864 1346 (47%)

86 372 367 (99%) 2870 372 (13%)

95 1456 1409 (97%) 2869 1456 (51%)
98 31 0 (0%) 1314 759 (58%)

100 171 170 (99%) 511 171 (33%)
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Figure 2 Bland–Altman analysis shows the agreement of atrial fibrillation burden in minutes per patient measured by photoplethysmography and 
electrocardiogram. Each dot represents the atrial fibrillation burden for each patient in the atrial fibrillation group. On the x-axis of the plot, the 
mean atrial fibrillation burden in minutes of the two measurement methods is displayed. On the y-axis, the difference between the atrial fibrillation 
burden in minutes measured by electrocardiogram and photoplethysmography is displayed. The true positive atrial fibrillation burden measured by 
the photoplethysmography was subtracted from the atrial fibrillation burden measured by the electrocardiogram. A positive difference between 
the two measurements is therefore resulting from a higher atrial fibrillation burden measured by the electrocardiogram than measured by the photo
plethysmography. The black line represents the average value of difference between the atrial fibrillation burden in minutes measured by the electro
cardiogram and the PPG. The red dashed lines represent the upper and lower 95% confidence interval of the difference between the measurement 
methods.

Figure 3 Bland–Altman analysis shows the agreement of non-atrial fibrillation time in minutes per patient measured by photoplethysmography and 
electrocardiogram. Each dot represents the non-atrial fibrillation time for each patient with non-atrial fibrillation time. On the x-axis of the plot, the 
mean non-atrial fibrillation time in minutes of the two measurement methods is displayed. On the y-axis, the difference between the non-atrial fibril
lation time in minutes measured by electrocardiogram and photoplethysmography is displayed. The true negative non-atrial fibrillation time measured 
by the photoplethysmography was subtracted from the non-AF time measured by the electrocardiogram. A positive difference between the two mea
surements is therefore resulting from a higher non-atrial fibrillation time measured by the electrocardiogram than measured by the photoplethysmo
graphy. The black continuous line represents the average value of difference between the non-atrial fibrillation time in minutes measured by the 
electrocardiogram and the photoplethysmography. The red dashed lines represent the upper and lower 95% confidence interval of the difference be
tween the measurement methods.
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Our study had several limitations. Initially, we expected 75% 
of patients to have at least one AF episode detected by the ECG during 
the trial period because of the known history of paroxysmal AF. We 
expected to detect several AF episodes per patient during the monitor
ing time of 48 h. Ultimately, only 27% developed detectable 
AF episodes leading to a much smaller sample size of the AF group. 
This could indicate that a monitoring period of 48 h is too short. 
A larger patient cohort or a longer monitoring period could 
have compensated the lower prevalence of AF episodes. The 
inclusion of atrial flutter in the AF group could have led to a smaller 

percentage of correctly identified AF burden, because of the regular 
rhythm of atrial flutter, making it challenging for the algorithm to de
tect.19 Nevertheless, it was included because of the same therapeutic 
consequences.2 Another limitation was the reduction of evaluable 
monitoring time due to the exclusion of noise segments, which 
can result in an uncertainty of the true amount of AF burden of the in
dividual patient. Experimenting with different PPG sensors and brace
lets of the wrist-worn devices as well as increasing the robustness of 
the PPG algorithm towards disturbed signals could lead to a higher 
diagnostic yield.
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Table 3 Overall comparison of measured atrial fibrillation burden

Total AF 
burden 

measured by 
ECG

AF-suspicious 
time measured by 

PPG

Telecare AF 
confirmed time 

measured by PPG

True positive AF 
burden 

measured by 
PPG

False positive AF 
burden 

measured by 
PPG

‘Missed’ AF burden 
measured by ECG 

outside of evaluable 
monitoring time

Total 
amount 

in 

minutes

21 336 19 070 16 371 15 729 642 24 513

Total 

amount 

in hours

355.6 317.8 272.9 262.2 10.7 408.6 

(in 26 patients)

Figure 4 Bland–Altman analysis shows the agreement of percentage of time in atrial fibrillation per patient measured by photoplethysmography and 
electrocardiogram. Each dot represents the percentage of time in atrial fibrillation for each patient in the atrial fibrillation group. The percentage of time 
in atrial fibrillation per patient was calculated by dividing the individual amount of detected atrial fibrillation burden in minutes in the electrocardiogram 
for each patient and accordingly correctly identified atrial fibrillation burden in the PPG by the evaluable monitoring time for the respective patient. On 
the x-axis of the plot, the mean percentage of time in atrial fibrillation in minutes of the two measurement methods is displayed. On the y-axis, the 
difference between the percentage of time in atrial fibrillation measured by electrocardiogram and photoplethysmography is displayed. The black 
line represents the average value of difference between the percentage of time in atrial fibrillation measured by the electrocardiogram and the photo
plethysmography. The red dashed lines represent the upper and lower 95% confidence interval of the difference between the measurement methods.
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Conclusion
Our results indicate that a PPG-based wearable in combination with an 
analytical algorithm can be used for a semiquantitative estimation of AF 
burden in patients with known history of paroxysmal AF. It has to be 
taken into account that due to the exclusion of noise segments the total 
evaluable monitoring time is reduced. Further refinement of the tech
nology or noise robust algorithms could enhance the precision of AF 
burden quantification. With easily accessible and comfortable tools 
for AF burden estimation, such as PPG-based wearables, large-scale 
randomized controlled trials could be realized in order to identify the 
relation between AF burden and stroke risk to guide future recommen
dations for oral anticoagulation initiation.
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