
Frontiers in Cardiovascular Medicine 01 frontiersin.org

TYPE Clinical Trial
PUBLISHED 09 February 2023
DOI 10.3389/fcvm.2023.1100127

Wrist-worn device combining PPG 
and ECG can be reliably used for 
atrial fibrillation detection in an 
outpatient setting
Harri Juhani Saarinen 1*†, Atte Joutsen 2,3,4†, Kirsi Korpi 1,5, 
Tuomas Halkola 5, Marko Nurmi 5, Jussi Hernesniemi 1,2,4 and 
Antti Vehkaoja 2,4,5

1 Heart Hospital, Tampere University Hospital, Tampere, Finland, 2 Faculty of Medicine and Health 
Technology, Tampere University, Tampere, Finland, 3 Department of Medical Physics, Tampere University 
Hospital, Tampere, Finland, 4 Finnish Cardiovascular Research Center, Tampere University, Tampere, Finland, 
5 PulseOn Oy, Espoo, Finland

Aims: The aim was to validate the performance of a monitoring system consisting of 
a wrist-worn device and a data management cloud service intended to be used by 
medical professionals in detecting atrial fibrillation (AF).

Methods: Thirty adult patients diagnosed with AF alone or AF with concomitant 
flutter were recruited. Continuous photoplethysmogram (PPG) and intermittent 30 s 
Lead I electrocardiogram (ECG) recordings were collected over 48 h. The ECG was 
measured four times a day at prescheduled times, when notified due to irregular 
rhythm detected by PPG, and when self-initiated based on symptoms. Three-channel 
Holter ECG was used as the reference.

Results: The subjects recorded a total of 1,415 h of continuous PPG data and 3.8 h 
of intermittent ECG data over the study period. The PPG data were analyzed by the 
system’s algorithm in 5-min segments. The segments containing adequate amounts, 
at least ~30 s, of adequate quality PPG data for rhythm assessment algorithm, were 
included. After rejecting 46% of the 5-min segments, the remaining data were 
compared with annotated Holter ECG yielding AF detection sensitivity and specificity 
of 95.6 and 99.2%, respectively. The ECG analysis algorithm labeled 10% of the 30-s 
ECG records as inadequate quality and these were excluded from the analysis. The 
ECG AF detection sensitivity and specificity were 97.7 and 89.8%, respectively. The 
usability of the system was found to be good by both the study subjects and the 
participating cardiologists.

Conclusion: The system comprising of a wrist device and a data management service 
was validated to be suitable for use in patient monitoring and in the detection of AF 
in an ambulatory setting.

Clinical Trial Registration: ClinicalTrials.gov/, NCT05008601.
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1. Introduction

Atrial fibrillation (AF) is the most common arrhythmia diagnosed in clinical practice with 
increasing numbers forecast due to the worldwide aging of large generations (1) AF results from 
chaotic activation of multiple origins in the atrial muscle of the heart. AF predisposes patients to 
embolic stroke and anticoagulation medication should be considered if the CHA2DS2VASc score of 
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the patient is one or higher. One in three to four patients with ischemic 
stroke, and over 80% of those with ischemic stroke of cardioembolic 
type, also had atrial fibrillation (2). There is also evidence of an 
association between AF and cognitive dysfunction ranging from mild 
impairment to overt dementia (3, 4). This makes recognizing and 
diagnosing AF critical. On the other hand, the brief paroxysms of AF 
can be  very difficult to detect, and in some patients, AF may 
be asymptomatic. The European Society of Cardiology guidelines for the 
diagnosis and management of AF recommend that a minimum of 30 s 
single-lead electrocardiogram (ECG) with irregular rhythm without 
discernible repeating P waves is required for the diagnosis of AF (5, 6).

Inexpensive, convenient, and reliable means to diagnose AF could 
improve the prevention AF related stroke and death and also the 
development of cognitive dysfunctions. The paroxysmal nature of AF 
episodes may limit the use of conventional 12-lead ECG recorded on 
demand by health care practitioners. Implantable loop recorders are 
better suited for other purposes than diagnosing AF as they are invasive 
and expensive. Modern wearable devices such as smart watches and 
smart phones can be used to screen the heart rhythm for anomalies 
almost continuously (smart watches) or intermittently (smart phones) 
via photoplethysmography (PPG), but recorded ECG is still required for 
a diagnosis. Some of the new smart watches feature both optical cardiac 
rhythm monitoring and a capability to record a single-lead ECG tracing. 
However, certified medical devices featuring both modalities and 
intended for clinical use have so far been lacking.

The objective of this study was to validate the performance of the 
PulseOn Arrhythmia Monitor System (PulseOn Oy, Espoo, Finland) 
consisting of a wrist-worn device and a data visualization cloud service, 
the PulseOn Data Management Service, intended to be used by medical 
professionals in detecting AF in an outpatient setting for 48 h.

2. Materials and methods

The intended purpose of the PulseOn Arrhythmia Monitor System 
is to assist in the diagnosis, screening, and monitoring of cardiac 
arrhythmias, especially atrial fibrillation. The system consists of a wrist-
worn device and a secure cloud-based data management service. The 
wrist device optically monitors the user’s pulse rate to detect any 
heartbeat irregularity and is used to take intermittent single-lead 
(Lead I) ECG measurements between the arms. The wrist device stores 
the measured data, which is later transferred to the data management 
service where it can be analyzed by medical professionals. The device is 
intended to be used inside and outside the hospital environment. The 
usage period of the system may vary from days to several weeks. A 
descriptive, observatory clinical investigation was conducted to validate 
the system’s performance (clinical trial NCT05008601).

2.1. Study population

According to the performance results of earlier clinical feasibility 
studies, an estimated half of the obtained data was sinus rhythm and the 
other half AF data. Using 0.1 as the probability of type I error and 80% 
power level, the required amount of data was estimated as 500 h based 
on a non-inferiority approach (7). However, due to several uncertainties 
in estimated values, the target subject number was set at 30 instead of 
the minimum 11 for 48-h recordings.

The targeted subject number was based on the primary study 
objective of showing the sensitivity of the PPG based arrhythmia 
detection algorithm in detecting atrial fibrillation when the analysis is 
made in 5-min windows. Subjects were recruited who met the inclusion 
criteria: age ≥ 18 years and prior diagnosis of AF alone or AF with 
concomitant atrial flutter were recruited. Patients with pacemakers were 
excluded. Thirty-eight subjects were assessed for eligibility, seven were 
excluded and 31 included in the monitoring (Figure 1).

2.2. Wrist device and data management 
service

The wrist device used in the PulseOn Arrhythmia Monitor System 
includes both reflective mode wrist PPG with yellow-colored LEDs as 
well as stainless steel dry electrodes to enable Lead I ECG measurement 
when the recording loop is closed by placing the contralateral palm on 
the wrist device (Figure 2). The device continuously measures PPG 
from the patient’s wrist to analyze the beat-to-beat heart rate for 
possible cardiac rhythm irregularities. When irregular rhythm is 
detected, the device notifies the patient to take a 30-s ECG recording 
for further analysis. The exact duration of the recording is 35 s of 
which 30 s are shown to the healthcare professional. The notifications 
can also be scheduled to take place 1–4 times a day. In addition, the 
patient can self-initiate recordings whenever there is a need, e.g., if 
they experience arrhythmia symptoms. The PPG-based inter-beat-
intervals (IBI), the heart rhythm status based on the IBIs and recorded 
ECGs are stored in the internal memory of the wrist device. In normal 
operation, the wrist device can store up to 6 months of data to its 
internal memory.

The data can be transferred via a gateway to a server or, as in this 
study, be downloaded at the clinic when the wrist device is returned. 
The data analysis and patient rhythm assessment are done by the 
PulseOn Data Management Service through a web browser user 
interface. The Data Management Service includes ECG analysis 
algorithms (Cardiolund AB, Lund, Sweden) that process the 
measured ECG signals and flag signals showing signs of arrhythmia 
(Figure 3). The service features three views: a monthly overview, a 
more detailed weekly view, as well as an ECG signal view. The ECG 
view shows the measured ECG signals including beat specific 
markings overlaid on the signal, RR-intervals in milliseconds and the 
labeling of each recording made by the algorithms. The markings 
include Short, Long and Very long RR-intervals, Supraventricular 
extrasystoles (SVES), Ventricular extrasystole (VES), Tachycardia, 
Fast, Slow, Bigeminy, and Trigeminy. The labels for the whole 30-s 
record comprise Possible arrhythmia, Inadequate quality, No rhythm 
deviation, Pause/AVblock II, Fast regular, Fast regular and wide QRS, 
Fast/Slow episode, Bigeminy, Trigeminy, Wide QRS, > 5 SVES, 
and > 5 VES.

The device and the silicone wrist strap are easy and quick to clean 
between patients using common cleaning agents. The device is classified 
as waterproof up to 1 m and the battery lasts for more than 7 days 
without recharging. In longer studies, the patient is given an easy-to-
operate charging dock.

This current validation was performed for the CE approval of the 
PulseOn Arrhythmia Monitor System as a class IIa medical device for 
its intended purpose according to the regulation (EU) 2017/745 of the 
European Parliament and of the Council on Medical Devices.
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2.3. Data collection

The subjects were asked to simultaneously wear two different devices 
for cardiac rhythm monitoring: the PulseOn wrist device and a three-
channel Holter device (Faros 360, Bittium Biosignals Oy, Oulu, Finland) 
with disposable Ag/AgCl gel electrodes (Ambu Blue Sensor L-OO-S, 

Ambu A/S, Ballerup, Denmark). The Holter device was used to obtain 
reference information on the heartbeat intervals and rhythm status of the 
subjects. The subjects wore the devices continuously during the 48-h 
study period. Six individual devices of both types were circulated among 
the subjects. Data collection was started during an outpatient visit. The 
data were collected during the subjects` normal daily activities.

In addition to the continuous PPG recording of heartbeat intervals, 
the subjects were instructed to collect 30-s ECG recordings in three 
cases: first, if the device gave a timed reminder to take a recording (four 
times a day at 8:00, 12:00, 16:00, and 20:00); second, if the device gave 
an arrhythmia notification based on the PPG monitoring; and third, if 
the subject experienced arrhythmia symptoms. Thus, at least four 
intermittent ECG recordings were taken daily.

2.4. Signal analysis

Two experienced cardiologists investigated the collected ECG data. 
The reference Holter-recordings were annotated by a cardiologist (HJS) 
blind to the wrist device data using Darwin2 Holter analysis software 
(Schiller Americas, Doral, FL, United States). In addition to the standard 
hour by hour statistical Holter report, the precise time points for the 
beginning and ending of the arrhythmia episodes were marked and used 
in the estimation of the sensitivity and specificity of both the automated 

FIGURE 1

The Consort flow diagram for the trial.

FIGURE 2

The PulseOn Arrhythmia Monitor wrist device outside (above) and skin 
side (below) with details.
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PPG and the ECG analysis algorithms. Another cardiologist (KK) 
assessed the cardiac rhythm from the wrist device ECG recordings blind 
to the reference data. HJS also assessed the rhythm using the wrist 
device ECG recordings. This assessment was done after a significant 
amount of time (approximately 6 months) had elapsed since annotating 
the Holter-recordings to retain objectivity regarding the assessment. The 
cardiologists’ wrist device ECG appraisals were used for data quality 
assessment and to determine how many subjects showing AF in the 
Holter-recordings could be correctly classified visually using only the 
wrist device data.

The evaluation of the PPG-based arrhythmia detection was made 
using 5-min data segments. The 5-min analysis window length has 
earlier been used by Zhang et al. (8) and Chang et al. (9). If more than 
30 consecutive heartbeats were classified as arrhythmia or regular 
rhythm, the whole segment was appropriately labeled as arrhythmia or 
regular rhythm, arrhythmia having priority if both rhythm types were 
found in the segment. Those 5-min segments during which the 
arrhythmia analysis algorithm had not been able to make a rhythm 
assessment, e.g., due to too much movement, were labeled as 
undetermined and excluded from the sensitivity/specificity analysis. The 
same 30 consecutive heartbeat threshold is used by the wrist device to 
give irregular rhythm notification.

2.5. Usability

After the 48-h recording, the subject returned the wrist device and 
completed a usability questionnaire. Fourteen items on the questionnaire 
included the subject’s impressions of the clarity of the device’s 
notifications (four items), comfort when wearing the device (six items), 
possible skin irritation (one item), ease of recording a 30 s ECG (two 
items), and an overall grade for the device. The scale was 1–5 in 10 
questions and binary (Yes/No) in four questions. Open-ended comments 
were invited to supplement the structured questions.

The cardiologists KK and HJS were interviewed about how they felt 
about using the PulseOn Data Management Service for reviewing the 
wrist device ECG data.

2.6. Statistical analysis

The performance of the PulseOn Arrhythmia Monitor System was 
assessed by comparing the wrist device PPG segments and ECG records 
labeled by the wrist device and Data Management Service algorithms 
with the cardiologists’ Holter ECG manual annotations. The wrist device 
data were scored as seen in Table 1. Sensitivity and specificity were 
calculated from these results.

The accuracy of the IBIs estimated from the PPG signal was 
evaluated by first aligning the IBIs with the reference RR-intervals 
obtained from the ECG signal and then calculating the average of the 
absolute of the difference between the corresponding intervals. This 
metric is often called mean absolute error. Only the IBIs marked 
“reliable” by the PPG analysis algorithm were considered.

2.7. Consent and ethical considerations

The study followed the ethical principles of the Declaration of 
Helsinki, and each study subject gave written informed consent. The 
study protocol was approved by the Research Ethics Board of Tampere 
University Hospital (decision number R20087) and the national 
competent authority Fimea. The study was registered in the open clinical 
trial database ClinicalTrials.gov (NCT05008601).

3. Results

Thirty-one volunteer subjects aged from 32 to 83 years were 
recruited from the patient base of Tampere Heart Hospital, Finland. 
One of the subjects was excluded after the data collection because of 
a technical problem with the reference Holter data (Figure 1). Two 
recordings were terminated prematurely at 31 and 32 h of data 
collection due to wrist device software failure. The recordings until 
the time of termination were reviewed, found to be  intact, and 
included in the material. Of the final 30 subjects eight were female 
and 22 were male. The median age was 65 (IQR: 57–71) years. The 

FIGURE 3

ECG view of PulseOn Data Management Service.
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diagnoses were: Paroxysmal AF: 21 subjects, Persistent AF: three 
subjects, Chronic AF: one subject, Paroxysmal AF and Typical AFL: 
three subjects, Persistent AF and Typical AFL: one subject, and 
Unspecified AF and AFL: one subject. The recordings were performed 
between March and June 2021. None of the subjects was hospitalized 
during the study period.

A total of 1,416 h of wrist device data were collected from the 30 
subjects included, corresponding on average to 47 h 12 min per subject. 
Reference Holter ECG data were collected simultaneously, and totaled 
1,438 h. Based on the cardiologists’ annotations, 150 h (10%) of the 
Holter data was of low but analyzable signal quality due to artifacts. Of 
the Holter data, 371.8 h (25.9%) showed AF and 50.7 h (3.5%) AFL. No 
adverse events occurred during the study.

3.1. PPG performance

The PPG dataset included 16,980 5-min data segments. Of these 
segments, 7,828 (46%) were labeled as undetermined by the algorithm 
due to inadequate data quality. Of all the day time (8:00–22:00), 
segments 69% were labeled as undetermined. In the night-time (22:00–
8:00), only 21% were labeled as undetermined. The above segments were 
discarded from the sensitivity/specificity analysis. The remaining 9,152 
segments (54%) were of adequate quality for rhythm analysis. Of these, 
2,419 were labeled as arrhythmia and 6,733 as regular rhythm. After 
matching the annotated Holter ECG with the PPG, a sensitivity/
specificity analysis was conducted for each subject and the whole data 
set (Table 2).

The sensitivity and specificity of the 5-min based PPG atrial 
fibrillation detection were, respectively, 95.6 and 99.2%. The mean 
absolute error of the PPG inter-beat-interval estimation averaged over 
the whole dataset was 26.6 ms.

One study subject had a diagnosis of unspecified AF with 
concomitant atrial flutter whose rhythm was very stable most of the time 
but occasionally became irregular. This subject was considered to 
be non-AF in the analysis. Stable flutter rhythm is not detectable with 
PPG technology that utilizes heartbeat interval regularity analysis. The 
irregular rhythm periods however produced PPG-based arrhythmia 
notifications and caused 23 out of the total 55 false positive labels in 
Table 2.

3.2. ECG performance

The subjects recorded a total of 457 30-s ECG measurements using 
the wrist device. The number of ECG measurements per subject over the 
48-h study period varied between 7 and 28. The prescheduled 
measurements were 47%, the PPG triggered were 23%, and the self-
initiated were 30% of all the ECG segments.

Of the 457 30-s ECG segments, the algorithm labeled 44 (10%) as 
inadequate quality. These segments were excluded from the subsequent 
analysis. In addition, the cardiologists KK and HJS, respectively, labeled 
24 (5%) and 5 (1%) of the remaining ECG segments as inadequate 
quality. These segments were included in the analysis of automatic ECG 
algorithm performance as the system as such was under evaluation. The 
algorithm identified 413 (90%) of the segments as analyzable quality. 
Based on the visual assessment of only the wrist device ECG data, the 
cardiologists were able to correctly classify all the subjects having 
episodes of AF during the measurement period. None of the subjects 
who were in sinus rhythm throughout the whole measurement period 
were incorrectly assessed as having arrhythmia episodes.

Fifteen subjects did not have any episodes of AF or AFL during the 
recording. Five of these had atrial tachycardia episodes of less than 30 s, 
thus not meeting the criteria for AF. Seven subjects had episodes of 
paroxysmal AF during the recording, seven subjects were in continuous 
AF and one in continuous AFL throughout the whole recording. 
However, both cardiologists found the aforementioned subject who had 
stable atrial flutter rhythm with periods of irregularities challenging to 
interpret. Flutter waves are often poorly visible in Lead I ECG making it 
difficult to assess atrial flutter (6). Neither of the cardiologists was 
confident about their analyses, however, assessing the subject as being 
either in AF or in mixed AF and flutter rhythm. On an ECG segment 
level, the algorithm labeled 197 segments as Possible arrhythmia 
indicating primarily AF and 215 either as No rhythm deviation 
indicating sinus rhythm or with any other of the labels listed below. 
Sensitivity and specificity were calculated based on the confusion matrix 
of Table 3 showing 97.7% sensitivity and 89.8% specificity.

The Data Management System labels the 30-s ECG records with one 
of the following labels: Possible arrhythmia, Inadequate quality, No 
rhythm deviation, Pause/AVblock II, Fast regular, Fast regular and wide 
QRS, Fast/Slow episode, Bigeminy, Trigeminy, Wide QRS, > 5 SVES, 
and > 5 VES. In the above analysis only the label Possible arrhythmia was 
considered to indicate AF, which yields the results in Table 3. If any label, 
excluding Inadequate quality and No rhythm deviation, is considered to 
indicate AF, the sensitivity becomes 100.0% and specificity 84.26% 
(Table 4). This approach can be considered justified because in clinical 
use, the cardiac rhythm is always visually confirmed from the ECGs and 
the labels of the automatic analysis can be used attract the attention of 
the clinician performing the assessment.

Further, if atrial flutter is considered together with atrial fibrillation 
the results become 99.5% sensitivity and 87.6% specificity.

TABLE 2 Confusion matrix of PPG-based atrial fibrillation detection.

Positive 
prediction

Negative 
prediction

Total

Actual atrial fibrillation True positives 2,364 False negatives 110 2,474

Actual non-AF rhythm False positives 55 True negatives 6,623 6,678

Total 2,419 6,733 9,152

TABLE 3 Confusion matrix of ECG-based AF detection.

Positive 
prediction

Negative 
prediction

Total

Actual atrial fibrillation True positives 173 False negatives 4 177

Actual non-AF rhythm False positives 24 True negatives 211 235

Total 197 215 412

TABLE 1 The data labels used in scoring the wrist device’s data.

Label in ECG Label in 
PPG

Label in 
Holter

Result

Possible arrhythmia Arrhythmia Atrial fibrillation True positive

Possible arrhythmia Arrhythmia Sinus rhythm False positive

No rhythm deviation Regular rhythm Sinus rhythm True negative

No rhythm deviation Regular rhythm Atrial fibrillation False negative

https://doi.org/10.3389/fcvm.2023.1100127
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org


Saarinen et al. 10.3389/fcvm.2023.1100127

Frontiers in Cardiovascular Medicine 06 frontiersin.org

3.3. Usability

Test subject feedback based on the questionnaire was received from 
25 out of the 30 subjects. The average of the overall grade was 4.6 out of 
a maximum of five. The averages of the clarity of notifications was 4.2, 
wear comfort was 4.1, and ease of ECG recording was 4.6. The average 
of skin irritation was 1.4 (1 = no irritation, 5 = severe irritation). Thirteen 
percent of the subjects found notifications occasionally disturbing, 25% 
percent had to adjust the wrist strap tightness, 91% felt they knew what 
the correct tightness should be, and 4% felt uncomfortable and had to 
switch the device to another wrist. The comments in the subjects’ own 
words included generally positive remarks as well as comparisons, 
according to which the wrist device was preferred to the Holter.

Both cardiologists gave similar types of positive feedback on the 
usability of the PulseOn Data Management Service: the user interface of 
the Data Management Service supports the cardiologist’s work well, it is 
logically organized, has well-functioning review tools and the web 
browser interface responds promptly to the user’s commands. However, 
it should be noted that KK has had minor involvement in the design 
work of the Data Management Service and is a part-time employee of 
PulseOn Oy.

4. Discussion

The main finding of this study was that the wrist device investigated 
and the PulseOn Data Management Service evaluated can be reliably 
used to detect and diagnose AF in an ambulatory setting in daily life. 
The usability of the wrist device, comfort wearing it, and ease of ECG 
recording were rated good by the study subjects. Little to no skin 
irritation was experienced. The cardiologists found the Data 
Management Service to be well functioning for its purpose.

4.1. Photoplethysmogram

Our results in the PPG-based atrial fibrillation detection (sensitivity 
95.6% and specificity 99.2%) are in line with those of earlier studies. 
Similar methodology has been previously used by four groups in five 
studies. Zhang et al. used the Samsung Galaxy Active 2 watch over 
4 weeks on 53 patients and compared AF detection to continuous patch 
ECG. The sensitivity and specificity of the device were 90.8 and 93.0%, 
respectively, (8). Chang et al. recruited 200 participants who underwent 
24 h of simultaneous Holter ECG monitoring and continuous PPG 
recording using a Garmin Forerunner 945 smartwatch. AF detection 
sensitivity and specificity were 97.1 and 86.8%, respectively, (9). The 
Philips Cardio and Motion Monitoring Module was used in two 24-h 
studies with 20 and 27 patients with Holter reference. The respective AF 
detection sensitivities and specificities of the two studies were 98.4 and 
98.0% (10) and 100 and 96% (11). Wasserlauf et al., studied 24 patients 

who had an insertable loop recorder and wore an Apple Watch with 
Kardiaband during daytime for an average of 110 days. In their study, 
AF episodes of ≥1 h were detected with a sensitivity 97.5% per episode. 
Considering the total duration of all the AF episodes detected (loop 
recorder 1127.1 h, watch 1101.1 h) sensitivity and specificity were 97.7 
and 98.9%, respectively, (12).

In our study, the PPG algorithm labeled 46% of the 5-min segments 
as undetermined because of inadequate data quality. The inadequate 
segments were recorded mostly in the day time. In the night-time, the 
artifacts were reduced as the subjects were resting. The amount of 
inadequate data is comparable with the previous studies: 42% calculated 
from Chang et al. (9), 24–57.6% as reported by Eerikäinen et al. (10) and 
56% as reported by Bonomi et al. (11).

In addition to the above long-term studies with ambulatory 
outpatients, there have been several short-term studies with hospital 
inpatients. In these studies, the patients have been sitting or lying down, 
and are therefore not easily comparable with the free-living conditions 
of the outpatients. Nevertheless, the following results of the 21 studies 
reviewed reflect the current state of the art in using PPG for AF 
detection. Median number of patients was 60, median recording 
duration 10 min, median sensitivity 97.03% (range 84.10–100%) and 
specificity 96.00% (56.64–99.90%). (13–33)

The largest published studies on wrist-worn PPG devices and AF 
detection in normal daily living are those by Perez et al. using the Apple 
Watch on 419,297 (34) and Guo et al. using Huawei’s technology on 
187,912 participants (35). In the Apple study, the detected AFs were 
subsequently confirmed by using ECG patches. In the Huawei study, the 
confirmation was by using clinical evaluation, electrocardiogram, or 
24-h Holter monitoring. The positive predictive values for the Apple and 
Huawei technologies were 0.84 and 0.916, respectively.

There are numerous mobile software applications that utilize smart 
watch or smart phone flash and camera sensor to assess pulse rate 
variability, but accuracy is usually tested in restricted conditions. Clearly, 
diagnosing AF requires very high specificity to avoid situations where 
patients are treated with lifelong anticoagulative medications and suffer 
bleeding risk as a result of incorrectly diagnosed AF. The measured PPG 
should only be used as an indication for further evaluation: ECG visually 
assessed by a qualified doctor is required for initial diagnosis. However, 
PPG monitoring could be efficacious in monitoring the AF burden on 
patients with already diagnosed AF or after catheter ablation (6).

4.2. Electrocardiogram

The results of the ECG performance of the wrist device (sensitivity 
97.7% and specificity 89.8%) were also on par with the results in the 
recent literature. Hermans et  al. compared long-term intermittent 
AliveCor Kardia recording including automatic analysis to Holter heart 
rhythm monitoring for the detection of AF recurrence after cardiac 
ablation therapy in 115 patients. The patients made 30-s ECG recordings 
three times a day and whenever experiencing symptoms during a 
4-week period. The sensitivity obtained was 95.3% and the specificity 
97.5% (36). Karregat et  al. invited 205 primary care patients aged 
≥65 years with a negative 12-lead ECG to wear a Holter monitor for 
2 weeks and to use a MyDiagnostick single-lead ECG device three times 
a day for 60 s ECG recordings. The sensitivity and specificity results of 
AF detection were 66.7 and 68.8%, respectively, (37). Svennberg et al. 
used the Zenicor device in an AF screening study on 3,209 persons. The 
study did not have a reference device, but the performance of the ECG 

TABLE 4 Confusion matrix of ECG-based cardiac arrhythmia detection.

Positive 
prediction

Negative 
prediction

Total

Actual atrial fibrillation True positives 177 False negatives 0 177

Actual non-AF rhythm False positives 37 True negatives 198 235

Total 214 198 412
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analysis algorithm used by Zenicor was compared to manual 
interpretation of the same ECGs. The outcomes were 97.8% sensitivity 
and 88.2% specificity (38). The AliveCor Apple iPhone cover with Lead 
I ECG measurement (iECG) was used in two long-term studies by two 
different groups. The number of patients in the studies were 60 and 42 
and the study durations were 1 and 4  weeks. In the first study, the 
reference methods were a cardiologist’s interpretation of the iECG in 
combination with the noise-reduced iECG, and 12-lead ECG or Holter 
monitoring. The second study used the Pacetrack transtelephonic 
monitor to record ECG. The respective sensitivity and specificity results 
were 100 and 97% (39), and 94.6 and 92.9% (40).

Ten recent short-term inpatient studies were also reviewed. As with 
the PPG short-term studies, these provide a snapshot of the patient’s 
situation and provide limited information on the performance in the 
actual use environment. Median of the ECG recording duration was 30 s, 
median number of patients 144 and median sensitivity 93.0% (range 
75.0–100.0%) and specificity 95.0% (84.0–95.7%) (41–50).

In the present study, the wrist device ECG was recorded using 
stainless steel dry electrodes. Ten percent of the ECG segments were 
labeled as inadequate quality by the algorithm with an additional 5 and 
1% by the cardiologists. The physicians’ subjective judgment on the 
adequacy of the quality of the ECG records for rhythm assessment was 
based on their prior experience with single lead ECG interpretation and 
the clinical context. In the Holter using disposable Ag/AgCl electrodes, 
10% of the data were assessed as low quality due to artifacts. The 
stainless steel dry electrodes can record diagnostic level data, and in 
long-term use they compare with the Holter data quality. However, it 
must be  noted that due to the ECG recording method of the wrist 
device, subjects are instructed to remain still during measurement, 
whereas the continuous Holter data includes both low activity and high 
activity periods.

There is usually a trade-off between sensitivity and specificity when 
monitoring a medical condition. Technical adjustments in algorithms 
or methods toward high sensitivity may cause lowered specificity and 
vice versa as can be seen in our study when comparing the performance 
in the cases where (A) only the label Possible Arrhythmia or (B) any 
cardiac event labeled by the algorithm was accepted as positive 
prediction (Tables 3, 4). However, diagnosis never relies solely on just 
algorithm classification. A trained medical professional always reviews 
the data before treatment decisions are made.

In a device with its intended purpose to detect AF it is important to 
optimize for high sensitivity to correctly detect all patients with AF. False 
positives may lead to further unnecessary investigations but constitute 
a lower burden on society than false negatives, which can cause strokes 
with high treatment and rehabilitation costs and in the worst-case lead 
to patient death. It must be noted, however, that only AF can be reliably 
diagnosed using Lead I ECG. Depending on the subject the flutter waves 
of AFL cannot necessarily be distinguished in Lead I. This is because 
during AFL Lead I is in most subjects low amplitude or isoelectric for 
the atrial activity (51). Further, more ECG channels are needed to 
diagnose other arrhythmias, but ambulatory single-lead monitoring can 
provide information to trigger subsequent evaluation, e.g., 12-lead ECG 
or Holter.

The coronavirus pandemic that started in late 2019 has restricted 
travel and accelerated the use of telehealth. Wearable technology affords 
an opportunity for continuous heart rhythm assessment. The increasing 
popularity of wearable technology capable of detecting AF alongside the 
development of direct acting oral anticoagulants has also sparked new 
research interest. Could patients with paroxysmal AF under continuous 

heart rhythm monitoring be  treated with direct acting oral 
anticoagulants and exposed the risk of bleeding risk only intermittently 
when a sufficiently long period of AF is detected with by wearable device 
(52)? Obviously, this “pill-in-the-pocket” anticoagulation strategy still 
requires rigorous clinical investigation.

However, the use of smart devices to monitor heart rhythm may 
cause inequality among patients as these devices are not usually 
integrated into national health care systems or reimbursed, which makes 
them more readily available to people with better economic status and 
the high cost may impede their use.

The usual problem with consumer smart devices capable of cardiac 
rhythm monitoring is that their use is focused on the young and on 
those with high socioeconomic status and advanced interest in their 
health already, but the risk of AF starts to rise after the age of 55 (5). 
Smart devices have varied ECG recording methods. In those worn on 
the upper limb the contralateral limb is brought into contact with the 
device to record Lead I. In many devices, a crown button at the side of 
the device is pressed with a finger to form an electrical circuit for the 
recording. In the wrist device investigated, the recording is done by 
covering the whole anterior surface of the device where the dry 
electrodes are located with the palm of the opposite hand. This recording 
method may be easier for elderly users and the large skin-electrode 
contact area can even provide improved ECG signal quality for some 
subjects. The recorded data is transferred to the cloud for interpretation 
either post-hoc through a computer or automatically with a separate 
data gateway device. The gateway device can be positioned in the user’s 
home, and will automatically send new recordings to the cloud when the 
user is near the gateway. This approach may be advantageous if the 
healthcare delivery process is arranged so that there is someone to 
observe the transferred data.

The key limitation of this study was that only subjects with a prior 
diagnosis of AF/AFL were included as an adequate number of relevant 
events were needed to validate the technical performance of the 
proposed system. The sample size was limited so the findings cannot 
be generalized without caution. Depending on the study design, PPG 
technology may have limitations; the irregular pulse notification of 
Apple Watch had only 41% sensitivity for AF in subjects who had 
recently undergone cardiac surgery (53). The group recorded 50 patients 
over 2 days. On telemetry AF was observed in 90 instances, and sinus 
rhythm was seen in 202 instances. Twenty-five of the 50 patients had ≥1 
episodes of AF. In an earlier study, Tison et al. used Apple Watch to 
record 51 cardioversion patients for 20 min to achieve a sensitivity of 
98.0% (21). Wasserlauf et al., recorded 24 patients with a history of 
paroxysmal AF over a mean duration of 110 days. Eighty-two episodes 
of AF ≥ 1 h were detected on the implantable loop recorder while the 
smartwatch was being worn, and the sensitivity was 97.7% (12). The 
three studies had different patient populations which may account for 
the variation in the results. However, the seemingly poor algorithm 
sensitivity in (53) may result from a lack of data due to subjects who 
have a low AF burden combined with some difficult to detect AF 
episodes leading to false negatives.

The standard ECG recording obtained with wrist devices is 
equivalent to ECG Lead I which is sub-optimal for the detection of 
P-waves and flutter waves. Atypical recording configurations could 
provide additional lead tracings more suitable for certain arrhythmias 
(6, 54). However, from the user point of view taking Lead I ECG between 
the arms is easy and thus practical.

The system investigated could be suitable for AF screening in older 
age groups due to its good usability, long battery life, signal quality, and 
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no need for a paired smart phone. Our next target is to investigate the 
performance of the PulseOn Arrhythmia Monitor System in a screening 
setting. In that study we will recruit subjects with AF risk factors but no 
prior diagnosis of AF or AFL. This study will also evaluate the suitability 
of the system for long-term use.

5. Conclusion

The PulseOn Arrhythmia Monitor System comprising the wrist 
device for PPG/ ECG recording and the Data Management Service has 
been validated. It was found that the system can reliably detect and 
diagnose AF in an ambulatory setting. The wrist device and the Data 
Management System were found easily usable by the study subjects and 
by the participating cardiologists.

Data availability statement

The datasets presented in this article are not readily available 
because study sponsor PulseOn Oy holds the rights to the data that 
support the findings of this study and therefore the availability is 
restricted. The data was used under license for the current study. 
However, the data is available from the authors representing the sponsor 
upon reasonable request. Requests to access the datasets should 
be directed to antti.vehkaoja@pulseon.fi.

Ethics statement

The studies involving human participants were reviewed and 
approved by Research Ethics Board of Tampere University Hospital. The 
patients/participants provided their written informed consent to 
participate in this study.

Author contributions

HS: methodology, investigation, data curation, writing—original 
draft, and writing—review and editing. AJ: methodology, formal 
analysis, writing—original draft, writing—review and editing, 
visualization, and funding acquisition. KK: investigation, data curation, 
and writing—review and editing. TH: software, formal analysis, data 

curation, and writing—review and editing. MN: software, formal 
analysis, and data curation. JH: methodology, project administration, 
and writing—review and editing. AV: conceptualization, methodology, 
resources, supervision, project administration, and writing—review and 
editing. All authors contributed to the article and approved the 
submitted version.

Funding

This study was financially supported by PulseOn Oy and partly 
supported by the Tampere University Faculty of Medicine and Health 
Technology doctoral program and the Tampere University Hospital 
Support Foundation, Tampere University Hospital project 
number MK355.

Acknowledgments

The authors would like to thank Ole Kirkeby of PulseOn Oy for the 
calculation of the optical beat-to-beat interval accuracy and optical 
arrhythmia detection sensitivity and specificity results.

An abstract summarizing the results has been presented as an 
ePoster at the European Society of Cardiology Congress in Barcelona, 
Spain, in August 2022 (55).

Conflict of interest

AV, KK, TH, and MN are employees of PulseOn Oy. KK is also a 
minority shareholder in PulseOn Oy.

The remaining authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors and 
do not necessarily represent those of their affiliated organizations, or 
those of the publisher, the editors and the reviewers. Any product that 
may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

References
 1. Morillo, CA, Banerjee, A, Perel, P, Wood, D, and Jouven, X. Atrial fibrillation: the current 

epidemic. J Geriatr Cardiol. (2017) 14, 195–203. doi: 10.11909/j.issn.1671-5411.2017.03.011

 2. Freedman, B, Potpara, TS, and Lip, GYH. Stroke prevention in atrial fibrillation. 
Lancet. (2016) 388:806–17. doi: 10.1016/S0140-6736(16)31257-0

 3. Rivard, L, Friberg, L, Conen, D, Healey, JS, Berge, T, Boriani, G, et al. Atrial fibrillation 
and dementia: a report from the AF-SCREEN international collaboration. Circulation. 
(2022) 145:392–409. doi: 10.1161/CIRCULATIONAHA.121.055018

 4. Kim, D, Yang, PS, Yu, HT, Kim, TH, Jang, E, Sung, JH, et al. Risk of dementia in 
stroke-free patients diagnosed with atrial fibrillation: data from a population-based cohort. 
Eur Heart J. (2019) 40:2313–23. doi: 10.1093/eurheartj/ehz386

 5. Hindricks, G, Potpara, T, Dagres, N, Arbelo, E, Bax, JJ, Blomström-Lundqvist, C, et al. 
Corrigendum to: 2020 ESC guidelines for the diagnosis and management of atrial 
fibrillation developed in collaboration with the European Association for Cardio-Thoracic 
Surgery (EACTS): the task force for the diagnosis and management of atrial fibrillation of 
the European Society of Cardiology (ESC) developed with the special contribution of the 
European heart rhythm association (EHRA) of the ESC. Eur Heart J. (2021) 42:373–498. 
doi: 10.1093/eurheartj/ehaa612

 6. Svennberg, E, Tjong, F, Goette, A, Akoum, N, di Biase, L, Bordachar, P, et al. How to 
use digital devices to detect and manage arrhythmias: an EHRA practical guide. EP 
Europace. (2022) 24:979–1005. doi: 10.1093/europace/euac038

 7. Lenz, ST. Shein-Chung chow, Jun Shao, Hansheng Wang (2008): sample size 
calculations in clinical research, 2nd edition. Stat Pap. (2011) 52:243–4. doi: 10.1007/
s00362-009-0218-8

 8. Zhang, H, Zhu, L, Nathan, V, Kuang, J, Kim, J, Gao, JA, et al. Towards early 
detection and burden estimation of atrial fibrillation in an ambulatory free-living 
environment. Proc ACM Interact Mob Wearable Ubiquitous Technol. (2021) 5:1–19. 
doi: 10.1145/3463503

 9. Chang, PC, Wen, MS, Chou, CC, Wang, CC, and Hung, KC. Atrial fibrillation 
detection using ambulatory smartwatch photoplethysmography and validation with 
simultaneous holter recording. Am Heart J. (2022):247. doi: 10.1016/j.ahj.2022.02.002

 10. Eerikainen, LM, Bonomi, AG, Schipper, F, Dekker, LRC, Vullings, R, de Morree, HM, 
et al. Comparison between electrocardiogram- and photoplethysmogram-derived features 
for atrial fibrillation detection in free-living conditions. Physiol Meas. (2018) 39:084001. 
doi: 10.1088/1361-6579/aad2c0

https://doi.org/10.3389/fcvm.2023.1100127
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
mailto:antti.vehkaoja@pulseon.fi
https://doi.org/10.11909/j.issn.1671-5411.2017.03.011
https://doi.org/10.1016/S0140-6736(16)31257-0
https://doi.org/10.1161/CIRCULATIONAHA.121.055018
https://doi.org/10.1093/eurheartj/ehz386
https://doi.org/10.1093/eurheartj/ehaa612
https://doi.org/10.1093/europace/euac038
https://doi.org/10.1007/s00362-009-0218-8
https://doi.org/10.1007/s00362-009-0218-8
https://doi.org/10.1145/3463503
https://doi.org/10.1016/j.ahj.2022.02.002
https://doi.org/10.1088/1361-6579/aad2c0


Saarinen et al. 10.3389/fcvm.2023.1100127

Frontiers in Cardiovascular Medicine 09 frontiersin.org

 11. Bonomi, AG, Schipper, F, Eerikäinen, LM, Margarito, J, van Dinther, R, Muesch, G, 
et al. Atrial fibrillation detection using a novel cardiac ambulatory monitor based on photo-
plethysmography at the wrist. J Am  Heart Assoc. (2018) 7:e009351. doi: 10.1161/
JAHA.118.009351

 12. Wasserlauf, J, You, C, Patel, R, Valys, A, Albert, D, and Passman, R. Smartwatch 
performance for the detection and quantification of atrial fibrillation. Circ Arrhythm 
Electrophysiol. (2019) 12:e006834. doi: 10.1161/CIRCEP.118.006834

 13. Gotlibovych, I, Crawford, S, Goyal, D, Liu, J, Kerem, Y, Benaron, D, et al. End-to-end 
deep learning from raw sensor data: Atrial fibrillation detection using Wearables. (2018)

 14. Kashiwa, A, Koyama, F, Miyamoto, K, Kamakura, T, Wada, M, Yamagata, K, et al. 
Performance of an atrial fibrillation detection algorithm using continuous pulse wave 
monitoring. Ann Noninvasive Electrocardiol. (2019) 24:e12615. doi: 10.1111/anec.12615

 15. Harju, J, Tarniceriu, A, Parak, J, Vehkaoja, A, Yli-Hankala, A, and Korhonen, I. 
Monitoring of heart rate and inter-beat intervals with wrist plethysmography in patients 
with atrial fibrillation. Physiol Meas. (2018) 39:065007. doi: 10.1088/1361-6579/aac9a9

 16. Rezaei Yousefi, Z, Parak, J, Tarniceriu, A, Harju, J, Yli-Hankala, A, Korhonen, I, et al. 
Atrial fibrillation detection from wrist photoplethysmography data using artificial neural 
networks. In: IFMBE Proceedings. (2018)

 17. Aschbacher, K, Yilmaz, D, Kerem, Y, Crawford, S, Benaron, D, Liu, J, et al. Atrial 
fibrillation detection from raw photoplethysmography waveforms: a deep learning 
application. Heart Rhythm. (2020) 1:3–9. doi: 10.1016/j.hroo.2020.02.002

 18. Liao, MT, Yu, CC, Lin, LY, Pan, KH, Tsai, TH, Wu, YC, et al. Impact of recording 
length and other arrhythmias on atrial fibrillation detection from wrist 
photoplethysmogram using smartwatches. Sci Rep. (2022) 12:5364. doi: 10.1038/
s41598-022-09181-1

 19. Hochstadt, A, Chorin, E, Viskin, S, Schwartz, AL, Lubman, N, and Rosso, R. 
Continuous heart rate monitoring for automatic detection of atrial fibrillation with novel 
bio-sensing technology. J Electrocardiol. (2019):52. doi: 10.1016/j.jelectrocard.2018.10.096

 20. Fallet, S, Lemay, M, Renevey, P, Leupi, C, Pruvot, E, and Vesin, JM. Can one detect 
atrial fibrillation using a wrist-type photoplethysmographic device? Med Biol Eng Comput. 
(2019) 57:477–87. doi: 10.1007/s11517-018-1886-0

 21. Tison, GH, Sanchez, JM, Ballinger, B, Singh, A, Olgin, JE, Pletcher, MJ, et al. Passive 
detection of atrial fibrillation using a commercially available smartwatch. JAMA Cardiol. 
(2018) 3:409–16. doi: 10.1001/jamacardio.2018.0136

 22. Bashar, SK, Han, D, Hajeb-Mohammadalipour, S, Ding, E, Whitcomb, C, 
McManus, DD, et al. Atrial fibrillation detection from wrist Photoplethysmography signals 
using Smartwatches. Sci Rep. (2019) 9:15054. doi: 10.1038/s41598-019-49092-2

 23. Corino, VDA, Laureanti, R, Ferranti, L, Scarpini, G, Lombardi, F, and Mainardi, LT. 
Detection of atrial fibrillation episodes using a wristband device. Physiol Meas. (2017) 
38:787–99. doi: 10.1088/1361-6579/aa5dd7

 24. Nemati, S, Ghassemi, MM, Ambai, V, Isakadze, N, Levantsevych, O, Shah, A, et al. 
Monitoring and detecting atrial fibrillation using wearable technology. In: Proceedings of 
the annual international conference of the IEEE engineering in medicine and biology society, 
EMBS. (2016)

 25. Dörr, M, Nohturfft, V, Brasier, N, Bosshard, E, Djurdjevic, A, Gross, S, et al. Eckstein 
J the WATCH AF trial: SmartWATCHes for detection of atrial fibrillation. JACC Clin 
Electrophysiol. (2019) 5:199–208. doi: 10.1016/j.jacep.2018.10.006

 26. Väliaho, ES, Kuoppa, P, Lipponen, JA, Hartikainen, JEK, Jäntti, H, Rissanen, TT, et al. 
Martikainen TJ wrist band Photoplethysmography autocorrelation analysis enables 
detection of atrial fibrillation without pulse detection. Front Physiol. (2021) 12:654555. doi: 
10.3389/fphys.2021.654555

 27. Shashikumar, SP, Shah, AJ, Li, Q, Clifford, GD, and Nemati, S. “A deep learning 
approach to monitoring and detecting atrial fibrillation using wearable technology.” in 2017 
IEEE EMBS International Conference on Biomedical and Health Informatics, BHI 2017; 
(2017).

 28. Chen, E, Jiang, J, Su, R, Gao, M, Zhu, S, Zhou, J, et al. A new smart wristband 
equipped with an artificial intelligence algorithm to detect atrial fibrillation. Heart Rhythm. 
(2020) 17:847–53. doi: 10.1016/j.hrthm.2020.01.034

 29. Osca Asensi, J, Izquierdo de Francisco, MT, Cano Pérez, Ó, Sancho Tello de 
Carranza, MJ, Alberola Rubio, J, Planells Palop, C, et al. The RITHMI study: diagnostic 
ability of a heart rhythm monitor for automatic detection of atrial fibrillation. Revista 
Española de Cardiología (English Edition). (2021) 74:602–7. doi: 10.1016/j.rec.2020.05.034

 30. Fan, YY, Li, YG, Li, J, Cheng, WK, Shan, ZL, Wang, YT, et al. Diagnostic performance of 
a smart device with photoplethysmography technology for atrial fibrillation detection: pilot 
study (pre-mafa II registry). JMIR Mhealth Uhealth. (2019) 7:e11437. doi: 10.2196/11437

 31. Selder, JL, Proesmans, T, Breukel, L, Dur, O, Gielen, W, and van Rossum, AC. Allaart 
CP assessment of a standalone photoplethysmography (PPG) algorithm for detection of 
atrial fibrillation on wristband-derived data. Comput Methods Prog Biomed. (2020):197. 
doi: 10.1016/j.cmpb.2020.105753

 32. Lemay, M, Fallet, S, Renevey, P, Sola, J, Leupi, C, Pruvot, E, et al. Wrist-located optical 
device for atrial fibrillation screening: a clinical study on twenty patients In:  Computing in 
Cardiology. eds. A. Murray and C. D’Amico (UK/USA: IEEE) (2016).

 33. Väliaho, ES, Kuoppa, P, Lipponen, JA, Martikainen, TJ, Jäntti, H, Rissanen, TT, et al. 
Wrist band photoplethysmography in detection of individual pulses in atrial fibrillation 

and algorithm-based detection of atrial fibrillation. Europace. (2019) 21:1031–8. doi: 
10.1093/europace/euz060

 34. Perez, MV, Mahaffey, KW, Hedlin, H, Rumsfeld, JS, Garcia, A, Ferris, T, et al. Large-
scale assessment of a Smartwatch to identify atrial fibrillation. N Engl J Med. (2019) 
381:1909–17. doi: 10.1056/NEJMoa1901183

 35. Guo, Y, Wang, H, Zhang, H, Liu, T, Liang, Z, Xia, Y, et al. Mobile 
Photoplethysmographic technology to detect atrial fibrillation. J Am Coll Cardiol. (2019) 
74:2365–75. doi: 10.1016/j.jacc.2019.08.019

 36. Hermans, ANL, Gawalko, M, Pluymaekers, NAHA, Dinh, T, Weijs, B, van 
Mourik, MJW, et al. Luermans JGLM long-term intermittent versus short continuous heart 
rhythm monitoring for the detection of atrial fibrillation recurrences after catheter 
ablation. Int J Cardiol. (2021) 329:105–12. doi: 10.1016/j.ijcard.2020.12.077

 37. Karregat, EPM, Van, GNV, Bouwman, AC, Uittenbogaart, SB, Himmelreich, JCL, 
Lucassen, WAM, et al. Screening for paroxysmal atrial fibrillation in primary care using 
Holter monitoring and intermittent, ambulatory single-lead electrocardiography. Int J 
Cardiol. (2021) 345:41:46. doi: 10.1016/j.ijcard.2021.10.021

 38. Svennberg, E, Stridh, M, Engdahl, J, Al-Khalili, F, Friberg, L, Frykman, V, et al. Safe 
automatic one-lead electrocardiogram analysis in screening for atrial fibrillation. Europace. 
(2017) 19:euw286. doi: 10.1093/europace/euw286

 39. Tarakji, KG, Wazni, OM, Callahan, T, Kanj, M, Hakim, AH, Wolski, K, et al. Using a 
novel wireless system for monitoring patients after the atrial fibrillation ablation procedure: 
the iTransmit study. Heart Rhythm. (2015) 12:554–9. doi: 10.1016/j.hrthm.2014.11.015

 40. Lowres, N, Mulcahy, G, Gallagher, R, Ben Freedman, S, Marshman, D, Kirkness, A, 
et al. Self-monitoring for atrial fibrillation recurrence in the discharge period post-cardiac 
surgery using an iPhone electrocardiogram. Eur J Cardiothorac Surg. (2016) 50:44–51. doi: 
10.1093/ejcts/ezv486

 41. Haverkamp, HT, Fosse, SO, and Schuster, P. Accuracy and usability of single-lead 
ECG from smartphones—a clinical study. Indian Pacing Electrophysiol J. (2019) 19:145–9. 
doi: 10.1016/j.ipej.2019.02.006

 42. Bumgarner, J, Lambert, C, Cantillon, D, Baranowski, B, Wolski, K, Hussein, A, et al. 
Assessing the accuracy of an automated atrial fibrillation detection algorithm using novel 
smartwatch technology among patients presenting for elective cardioversion. J Am Coll 
Cardiol. (2018) 71:A411. doi: 10.1016/S0735-1097(18)30952-5

 43. Chan, NY, Choy, CC, Chan, CK, and Siu, CW. Effectiveness of a nongovernmental 
organization–led large-scale community atrial fibrillation screening program using the 
smartphone electrocardiogram: an observational cohort study. Heart Rhythm. (2018) 
15:1306–11. doi: 10.1016/j.hrthm.2018.06.006

 44. Desteghe, L, Raymaekers, Z, Lutin, M, Vijgen, J, Dilling-Boer, D, Koopman, P, et al. 
Performance of handheld electrocardiogram devices to detect atrial fibrillation in a 
cardiology and geriatric ward setting. Europace. (2017) 19:euw025. doi: 10.1093/europace/
euw025

 45. Doliwa, PS, Frykman, V, and Rosenqvist, M. Short-term ECG for out of hospital 
detection of silent atrial fibrillation episodes. Scand Cardiovasc J. (2009) 43:163–8. doi: 
10.1080/14017430802593435

 46. Lau, JK, Lowres, N, Neubeck, L, Brieger, DB, Sy, RW, Galloway, CD, et al. Freedman 
SB iPhone ECG application for community screening to detect silent atrial fibrillation: a 
novel technology to prevent stroke. Int J Cardiol. (2013) 165:193–4. doi: 10.1016/j.
ijcard.2013.01.220

 47. Haberman, ZC, Jahn, RT, Bose, R, Tun, H, Shinbane, JS, Doshi, RN, et al. Wireless 
smartphone ECG enables large-scale screening in diverse populations. J Cardiovasc 
Electrophysiol. (2015) 26:520–6. doi: 10.1111/jce.12634

 48. Lowres, N, Neubeck, L, Salkeld, G, Krass, I, McLachlan, AJ, Redfern, J, et al. 
Feasibility and cost-effectiveness of stroke prevention through community screening for 
atrial fibrillation using iPhone ECG in pharmacies: the SEARCH-AF study. Thromb 
Haemost. (2014) 111:1167–76. doi: 10.1160/TH14-03-0231

 49. Williams, J, Pearce, K, and Benett, I. The effectiveness of a mobile ECG device in 
identifying AF: sensitivity, specificity and predictive value. Br J Cardiol. (2015) 22, 70–72. 
doi: 10.5837/bjc.2015.013

 50. Lown, M, Yue, AM, Shah, BN, Corbett, SJ, Lewith, G, Stuart, B, et al. Screening for 
atrial fibrillation using economical and accurate technology (from the SAFETY study). Am 
J Cardiol. (2018) 122:1339–44. doi: 10.1016/j.amjcard.2018.07.003

 51. Medi, C, and Kalman, JM. Prediction of the atrial flutter circuit location from the surface 
electrocardiogram. Europace. (2008) 10:786–96. doi: 10.1093/europace/eun106

 52. Passman, R. “Pill-in-pocket” anticoagulation for atrial fibrillation: fiction, fact, or 
foolish? Circulation. (2021) 143:2211–3. doi: 10.1161/CIRCULATIONAHA.121.053170

 53. Seshadri, DR, Bittel, B, Browsky, D, Houghtaling, P, Drummond, CK, and Desai, MY. 
Gillinov AM accuracy of apple watch for detection of atrial fibrillation. Circulation. (2020) 
141:702–3. doi: 10.1161/CIRCULATIONAHA.119.044126

 54. Ahmed, AS, Golden, KM, Foreman, JR, and Padanilam, BJ. Using a smartwatch to 
identify the morphology of atrial flutter. HeartRhythm Case Rep. (2020) 6:808–9. doi: 
10.1016/j.hrcr.2020.06.021

 55. Saarinen, H, Joutsen, A, Korpi, K, Hernesniemi, J, and Vehkaoja, A. Atrial fibrillation 
can be  diagnosed using a combined wrist-worn photoplethysmography and 
electrocardiography. Eur Heart J. (2022) 43:417. doi: 10.1093/eurheartj/ehac544.417

https://doi.org/10.3389/fcvm.2023.1100127
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://doi.org/10.1161/JAHA.118.009351
https://doi.org/10.1161/JAHA.118.009351
https://doi.org/10.1161/CIRCEP.118.006834
https://doi.org/10.1111/anec.12615
https://doi.org/10.1088/1361-6579/aac9a9
https://doi.org/10.1016/j.hroo.2020.02.002
https://doi.org/10.1038/s41598-022-09181-1
https://doi.org/10.1038/s41598-022-09181-1
https://doi.org/10.1016/j.jelectrocard.2018.10.096
https://doi.org/10.1007/s11517-018-1886-0
https://doi.org/10.1001/jamacardio.2018.0136
https://doi.org/10.1038/s41598-019-49092-2
https://doi.org/10.1088/1361-6579/aa5dd7
https://doi.org/10.1016/j.jacep.2018.10.006
https://doi.org/10.3389/fphys.2021.654555
https://doi.org/10.1016/j.hrthm.2020.01.034
https://doi.org/10.1016/j.rec.2020.05.034
https://doi.org/10.2196/11437
https://doi.org/10.1016/j.cmpb.2020.105753
https://doi.org/10.1093/europace/euz060
https://doi.org/10.1056/NEJMoa1901183
https://doi.org/10.1016/j.jacc.2019.08.019
https://doi.org/10.1016/j.ijcard.2020.12.077
https://doi.org/10.1016/j.ijcard.2021.10.021
https://doi.org/10.1093/europace/euw286
https://doi.org/10.1016/j.hrthm.2014.11.015
https://doi.org/10.1093/ejcts/ezv486
https://doi.org/10.1016/j.ipej.2019.02.006
https://doi.org/10.1016/S0735-1097(18)30952-5
https://doi.org/10.1016/j.hrthm.2018.06.006
https://doi.org/10.1093/europace/euw025
https://doi.org/10.1093/europace/euw025
https://doi.org/10.1080/14017430802593435
https://doi.org/10.1016/j.ijcard.2013.01.220
https://doi.org/10.1016/j.ijcard.2013.01.220
https://doi.org/10.1111/jce.12634
https://doi.org/10.1160/TH14-03-0231
https://doi.org/10.5837/bjc.2015.013
https://doi.org/10.1016/j.amjcard.2018.07.003
https://doi.org/10.1093/europace/eun106
https://doi.org/10.1161/CIRCULATIONAHA.121.053170
https://doi.org/10.1161/CIRCULATIONAHA.119.044126
https://doi.org/10.1016/j.hrcr.2020.06.021
https://doi.org/10.1093/eurheartj/ehac544.417

	Wrist-worn device combining PPG and ECG can be reliably used for atrial fibrillation detection in an outpatient setting
	1. Introduction
	2. Materials and methods
	2.1. Study population
	2.2. Wrist device and data management service
	2.3. Data collection
	2.4. Signal analysis
	2.5. Usability
	2.6. Statistical analysis
	2.7. Consent and ethical considerations

	3. Results
	3.1. PPG performance
	3.2. ECG performance
	3.3. Usability

	4. Discussion
	4.1. Photoplethysmogram
	4.2. Electrocardiogram

	5. Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	 References

