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Aim: Atrial fibrillation (AF) detection is challenging because it is often asymptomatic and
paroxysmal. We evaluated continuous photoplethysmogram (PPG) for signal quality and
detection of AF.

Methods: PPGs were recorded using a wrist-band device in 173 patients (76 AF, 97 sinus
rhythm, SR) for 24 h. Simultaneously recorded 3-lead ambulatory ECG served as control. The
recordings were split into 10-, 20-, 30-, and 60-min time-frames. The sensitivity, specificity,
and F1-score of AF detection were evaluated for each time-frame. AF alarms were generated
to simulate continuous AF monitoring. Sensitivities, specificities, and positive predictive values
(PPVs) of the alarms were evaluated. User experiences of PPG and ECG recordings were
assessed. The study was registered in the Clinical Trials database (NCT03507335).

Results: The quality of PPG signal was better during night-time than in daytime
(67.3+£22.4% vs. 30.5+19.4%, p<0.001). The 30-min time-frame yielded the highest
F1-score (0.9536), identifying AF correctly in 72/76 AF patients (sensitivity 94.7%), only
3/97 SR patients receiving a false AF diagnosis (specificity 96.9%). The sensitivity and
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PPV of the simulated AF alarms were 78.2 and 97.2% at night, and 49.3 and 97.0%
during the daytime. 82% of patients were willing to use the device at home.

Conclusion: PPG wrist-band provided reliable AF identification both during daytime and
night-time. The PPG data’s quality was better at night. The positive user experience
suggests that wearable PPG devices could be feasible for continuous rhythm monitoring.

Keywords: atrial fibrillation, photoplethysmography, photoplethysmogram, quality, algorithms, monitoring,
screening, signal quality analysis
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INTRODUCTION

Atrial fibrillation (AF) is the most common sustained cardiac
arrhythmia worldwide and an independent risk for stroke
(Hariri et al., 2016; Morillo et al., 2017; Hindricks et al., 2021).
The prevalence of AF is increasing due to the aging population,
an epidemic is predicted to occur in the next few years resulting
in a significant burden on health care systems (Morillo et al.,
2017). Early detection of AF and timely initiated anticoagulation
reduces AF related mortality and morbidity (Morillo et al,
2017). Unfortunately, the detection of AF is often challenging,
up to 30% of AF patients are asymptomatic, (Hariri et al,
2016), and 25-60% of all AFs are paroxysmal (Hariri et al,
2016). Thus, despite a comprehensive clinical examination,
almost 30% of all strokes remain cryptogenic and occult
paroxysmal AF is one of the culprits (Hariri et al, 2016).

Ambulatory 24-h ECG monitoring is often used for AF
screening, such as in patients with cryptogenic stroke, with
palpitations or after cardiac surgery. Nonetheless, 24-h recording
time is suboptimal when searching for paroxysmal AF although
the diagnostic yield increases with prolonged duration and
increased number of screenings (Hariri et al., 2016; Diederichsen
et al, 2020). It has been claimed that prolonged monitoring
improves the possibility of detection of AF and reduces health
resource utilization and costs, especially in patients with heart
failure and post-stroke (Morillo et al, 2017). Recently, the
number of subjects needed to screen was found to be 21 for
screening of AF with a 2-week ECG patch capable of continuous
rhythm monitoring amongst patients aged >75years with no
previously diagnosed AF (Gladstone et al., 2021). The increased
mortality, morbidity and economic burden caused by AF
justifies screening of the elderly population (Hindricks et al.,
2021). However, long-term, ambulatory ECG involves
burdensome wires and adhesive electrodes causing skin irritation
(Hariri et al., 2016).

Mobile health technologies are being increasingly developed
for the detection of paroxysmal and silent AF, but many of
the currently available consumer-grade automated arrhythmia
detection technologies can only provide intermittent single
rhythm analyses. Photoplethysmography has been proposed as
one of the most favorable and cost-effective methods (Hindricks
et al., 2021). Wearable PPG devices, such as wrist-band devices,
could provide a comfortable, continuous long-term monitoring
without electric wires or adhesive patches when searching for
an asymptomatic and paroxysmal AE An AF alarm generated
by PPG-based rhythm analysis would be followed by a timely
ECG recording for the final diagnosis of AE Here, we assessed
whether a PPG wrist-band device could be used for the reliable
detection of AF with ambulatory ECG serving as the
golden standard.

MATERIALS AND METHODS

Study Population
The study was conducted in Kuopio University Hospital.
Altogether 654 patients were screened for the study in emergency

care department and acute wards between April 2018 and
December 2019. The inclusion criteria were AF or SR diagnosed
in the 12-lead resting ECG upon arrival, age>18years and
estimated in-hospital treatment >24h. The exclusion criteria
were body mass index (BMI)>35kg/m? permanent cardiac
pacemaker, left or right bundle branch block, or a medical
condition requiring immediate treatment. Initially, 200 patients
were recruited in the study but 23 patients with 3-lead ambulatory
ECG or PPG recording less than 12h, three who withdrew
their consent and one with RBBB were excluded. Thus, the
final study population consisted of 173 patients; 76 patients
were assigned to the AF group and 97 patients to the control
SR group (Figure 1). Graphical abstract of the study is presented
in Supplementary Material.

Data Acquisition
The 12-lead resting ECG recorded upon hospital admission
and interpreted by the treating physician was used for screening.
The 3-lead ambulatory ECG and PPG were recorded
simultaneously for 24h. The ECG was recorded using a
Holter ECG device (Faros 360, Bittium, Oulu, Finland). The
PPG was recorded with an Empatica E4 wrist-band (Empatica
Inc., Cambridge, United States) from the non-dominant hand
wrist. Examples of PPG and ECG recordings are presented
in Figure 2. The acceleration data were obtained with the
acceleration sensor of the Empatica E4 wrist-band. The
patient was lying supine for at least 2 min before and 5min
after the start of the recordings. Subsequently, the patient
could move freely during the study recordings; these were
discontinued after 24 h or earlier if the patient was discharged
from the hospital. Clinical data were collected by interviewing
the patient and from medical records. Possible symptoms
and discomfort during the ECG and PPG recording were
collected with a survey.

3-Lead Ambulatory ECG Analysis

The 3-lead ambulatory ECG signal was recorded with 250 Hz
sampling frequency. Leads I, II, and V3 were recorded. The
ambulatory ECG recording was first automatically analyzed with
the Medilog® Darwin Professional 2 software version 2.8.1
(Schiller Global AG, Baar, Switzerland). Subsequently, the rhythm
was evaluated independently by four investigators blinded to
the initial 12-lead resting ECG. The rhythm was classified as
AF or SR. QRS-complexes were automatically detected by the
Darwin software and the classification into sinoatrial beats and
extrasystoles was revised and corrected manually. The 3-lead
ambulatory ECG served as the golden standard for the final
rhythm analysis.

Pre-processing of the PPG

The PPG signal was recorded with a 64 Hz sampling frequency.
The PPG data were pre-processed and analyzed using MATLAB®
software version R2017b. The raw PPG signal was first interpolated
at 128Hz with cubic spline interpolation to increase the
time resolution of the pulse detection. PPG pulse detection
was based on a method validated in our previous study
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2015 is presented in Supplementary Material.

FIGURE 1 | Standards for Reporting Diagnostic Accuracy Studies (STARD) flow diagram of the study patient flow. A total of 654 patients were screened in Kuopio
University Hospital. 200 patients were initially recruited, and 173 patients were accepted in the final study population. Abbreviations: AF, atrial fibrillation; ECG,
electrocardiogram; SR, sinus rhythm; PPG, photoplethysmography; and RBBB, right bundle branch block. STARD 2015 checklist and information about STARD

(Valiaho et al., 2019). Baseline drift and high frequency noise
were removed with a 0.1-7Hz bandpass filter.

PPG Quality Analysis

A PPG quality algorithm was validated with 50 patients of
the study population. Validation results are presented in
Supplementary Material. PPG quality algorithm achieved 92.7%
PPV for separating high-quality 1-min samples from
low-quality samples.

PPG recordings of each patient were split into consecutive
1-min segments. A quality algorithm interpreted PPG segments
of acceptable quality if the acceleration sensor indicated none or
little hand-movement (root mean square of acceleration<1m/s?),
and if the PPG signal was stationary. The quality of the PPG
data obtained in patients with AF and SR was compared.
Furthermore, we evaluated PPG signal quality during daytime
(7:00AM-7:00PM) and at night (7.00 PM-7:00AM).

Detection of AF and Simulated Alarms

The AF detection algorithm validated previously (Viliaho et al., 2021)
was used for the evaluation of continuous AF monitoring. The
diagnostic performance of four different AF detector time-frames
of 10, 20, 30, and 60min were evaluated from the 24-h recordings.
Sensitivities and specificities of all time-frames were evaluated for
detection of AF as time-based and patient-based. The time-based
sensitivities and specificities were calculated from interpretable PPG
data and based on AF (and SR) episodes. The patient-based
sensitivities and specificities for AF detection were calculated with
correctly and incorrectly diagnosed cases.

AF alarms were generated for each patient, respectively,
using the time-frames of 10, 20, 30, and 60 min. Each time-
frame was “slided” through the 24-h PPG minute by minute
for each patient. An AF alarm was generated when the conditions
were met if >40% of its 1-min samples were of sufficient quality
by the quality algorithm and >85% of these sufficient quality
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FIGURE 2 | Example recordings of PPG (red) and ECG (gray) signals. (A) shows recordings of a patient in SR, and (B) in AF.
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samples were classified as AF by the AF detection algorithm.
These AF alarms were evaluated for each hour to simulate
the performance of a continuous rhythm monitoring method
for AF screening. AF alarm mean sensitivity and PPV were
calculated as patient-based for each hour. In addition, for the
time-frame with the highest F1-score, mean values were calculated
for both day (7:00 AM-7:00PM) and night (7:00 PM-7:00 AM)
time, and for the whole day (7:00 AM-7:00 AM).

User Experience

User experience of the devices was assessed with a patient
survey. Participants were asked how comfortable the devices
were on a semantic differential scale 1-5 (1=comfortable,
2 =reasonably comfortable, 3 =neutral, 4 =slightly uncomfortable,
and 5=uncomfortable). Patients were also asked if the device
interfered with their daily activities, such as moving, eating,
sleeping, and going to the toilet, and would they be willing
to use the device voluntarily at home for rhythm monitoring.

Statistical Analysis
In the power calculation, it was estimated that 200 observations
with an assumed sensitivity of 95% and with a 3% margin error
would be sufficient. We used IBM SPSS statistics software version
25 in the statistical analysis. The differences between the AF
and the SR groups were tested with chi-squared or Fischer’s
exact tests and T-tests. The comparison between the PPG quality
proportions during the day and night within groups, and differences
between the comfort of use between the wrist-band and Holter
device were tested with paired samples T-tests. Group statistics
were expressed as means and standard deviations or numbers
and percentages with differences and 95% confidence intervals.
Two-sided values of p <0.05 were considered statistically significant.
F1-score analyses were executed for 10-, 20-, 30-, and 60-min
time-frames for detection of AE In addition, sensitivities and
specificities were evaluated. The Fl-score is the harmonic mean

of precision and recall. Sensitivities and PPVs were evaluated for
AF alarms for each hour.

RESULTS

Clinical Characteristics of the Patients
The study population consisted of 173 patients; 76 patients were
assigned to the AF group and 97 patients to the SR group
(Figure 1). Eleven (14.5%) patients in the AF group presented
with paroxysmal AE One of the paroxysmal AF patients had 34
AF episodes, one had 3, one had 2, and the rest eight of the
patients had only 1 AF episode. Median AF paroxysm duration
was 6min 45s, minimum 30s and maximum duration 20h.
AF patients were older and had more often a history of
AF hypertension, congestive heart failure, and cardiac surgery,
and they were more often receiving treatment with anticoagulants,
beta-blockers, and/or digoxin. AF patients reported respiratory
distress and heart palpitations prior to hospital admission more
often than the SR patients (Table 1).

Duration of Recordings and Heart Rate
The mean duration of the recordings was 22.0+£3.0h in the
AF group and 21.8+3.4 h in the SR group (p=0.705). In the
AF group, 39.5% of the recordings and in the SR group 40.2%
of patients reached the targeted duration of 24h (p=0.923).
Recordings were discontinued before reaching the targeted
duration due to patient or treatment-related reasons or if the
patient was discharged from the hospital.

Mean heart rate was higher in the AF group than in the
SR group (78.0£18.8bpm vs. 66.5+11.8bpm, p<0.001).

Quality of PPG Data for AF Screening
A total of 3781h of PPG data were analyzed, and 2114h
(55.9%) of the data were approved by the quality algorithm.
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TABLE 1 | Patient demographics.

Significance Mean difference and
9 (95% Cl of the

AF group (n=76) SR group (n=97)

(2-sided) difference)
Characteristics Age, years 77.1+£9.7 67.3+15.8 <0.001 9.75 (5.89 — 13.60)*
BMI, kg/m? 27.0+4.6 26.1+4.2 0.180 0.90 (-0.42 — 2.23)*
Sex, male 41 (53.9) 43 (44.3) 0.209 —0.10 (-0.24 - 0.05)
Recording Heart rate (ECG), 1/min 78.0+18.8 66.5+11.8 <0.001 11.51 (6.63 — 16.39)*
Duration, h 22.0+3.0 21.8+3.4 0.705 0.19 (-0.79 - 1.16)*
Medical history Earlier AF diagnosis 61 (80.3) 18 (18.6) <0.001 -61.71 (-71.54 - -48.10)
Hypertension 57 (75.0) 55 (56.7) 0.012 —18.30 (-31.29 — -3.99)
Congestive heart failure 37 (48.7) 9(9.9 <0.001 —39.41 (-51.25 - -26.22)
Coronary artery disease 27 (35.5) 25 (25.8) 0.165 —9.75 (-23.34 - 3.92)
Diabetes 20 (26.9) 20 (20.6) 0.378 -5.70 (-18.54 — 6.81)
Prior cardiac surgery 14 (18.4) 7(7.2) 0.025 -11.20 (-22.01 - -1.27)
Structural heart defect* 8(10.5) 7(7.2) 0.443 —3.31(=12.93 - 5.30)
Other arrhythmia 3(3.9) 6(6.2) 0.733 2.24 (-5.53 - 9.38)
Medication Anticoagulation therapy 65 (85.5) 26 (26.8) <0.001 —58.72 (—68.69 — —45.15)
Beta-blocker 54 (71.1) 40 (41.2) <0.001 —29.82 (—42.73 — —14.98)
Digoxin 12 (15.8) 2 (2.1) 0.001 —13.73 (-23.65 — —5.42)
Other anti-arrhythmia medication 5(6.6) 1(1.0) 0.088 —5.55 (-13.51 - 0.36)
Symptoms prior to hospital admission  Fatigue 47 (61.8) 51 (52.6) 0.222 —9.26 (-23.37 - 5.55)
General state decline 43 (56.6) 53 (54.6) 0.799 —-1.94 (-16.41 -12.77)
Respiratory distress 38 (50.0) 25 (25.8) <0.001 —24.23 (-37.61 - -9.71)
Heart palpitation 32 (42.1) 21(21.6) 0.004 —20.46 (—33.69 — —6.53)
Chest pain 17 (22.4) 18(18.6) 0.573 -3.81(-16.21 - 8.08)
Dizziness or syncope 5(6.6) 1(1.0 0.088 —5.55 (-13.51 - 0.36)
Fever 3(3.9 2 (2.1) 0.655 -1.89 (-9.07 - 3.88)
Abdominal pain 2(2.6) 2(2.1) 1.000 —0.57 (-7.21 - 4.92)
Numbness, tingling or paralysis 1(1.9) 2(2.1) 1.000 0.75 (-5.21 - 6.01)
Nausea 1(1.3) 1(1.0) 1.000 —0.28 (-6.11 - 4.42)
Headache 0(0.0 4(4.9) 0.132 412 (-1.30-10.13)
Back pain 0(0.0 4(4.1) 0.132 412 (-1.30-10.13)
Other symptoms 7(9.2) 11 (11.3) 0.649 213 (-7.76-11.25)
Symptoms during the registration” Fatigue 28 (59.6) 21 (41.2) 0.069 —-18.40 (-36.22 — 1.33)
General state decline 14 (29.8) 14 (27.5) 0.798 —2.34 (-19.89 - 15.16)
Respiratory distress 17 (36.2) 13 (25.5) 0.252 —10.68 (—28.09 — 7.43)
Heart palpitation 13 (27.7) 8(15.7) 0.149 —11.97 (-27.95 - 4.36)
Chest pain 4 (8.5) 6(11.8) 0.743 3.25 (-9.77 - 15.96)
Dizziness or syncope 0(0.0) 1(2.0) 1.000 1.96 (-5.77 — 10.30)
Fever 0(0.0) 0(0.0) NA NA
Abdominal pain 1(2.1) 0(0.0) 0.480 —-2.12 (-11.11 -5.09)
Numbness, tingling or paralysis 1(@2.1) 0(0.0) 0.480 —-2.12 (=11.11 = 5.09)
Nausea 0(0.0 0(0.0) NA NA
Headache 0(0.0 1(2.0) 1.000 1.96 (-5.77 - 10.30)
Back pain 0(0.0) 1(2.0 1.000 1.96 (-5.77 - 10.30)
Other symptoms 0(0.0) 1(2.0) 1.000 1.96 (-5.77 = 10.30)

*Mean difference and (95% confidence interval of the difference) values for Age, BMI, HR, and recording duration are years, kg/m?, 1/min, and hours.

*Including valvular defects and congenital defects.

fAF n=47, SR n=51.

Values are mean +standard deviation and number (percentages). In the last column, values are mean difference (95% confidence interval of the difference lower and upper bound).
Values for dichotomical variables in this column (e.g., sex or hypertension) are percentages. Other symptoms included sweating, pains, swelling, sleep, and urinating problems. AF,
atrial fibrillation; Cl, confidence interval; kg, kilogram; m, meter; min, minute; NA, not applicable; and SR, sinus rhythm.

The quality of PPG data was higher at night (7PM-7AM)
than during the daytime [7 AM-7 PM; accepted data 67.3 £22.4%
vs. 30.5+19.4%; mean difference — 36.79 (95% confidence interval,
CI, lower —34.00 to upper bound —39.59), p<0.001; Figure 3A].

The mean total duration of analyzable PPG data was
52.5+23.4% in the AF group and 59.5+20.0% in the SR
group [—6.96 (—13.49-—0.43), p=0.037]. The proportion of
PPG data that was rejected by the quality algorithm based
on acceleration data (hand-movement) did not differ between
the groups: AF group 30.0+12.6% vs. SR group 28.9+13.2%

[10.57 (—2.89-4.97), p=0.595]. However, PPG data rejection
based on PPG stationarity was higher in the AF group: AF
group 17.5+15.3% vs. SR group 11.6+12.2% [5.90 (1.66-10.15),
p=0.007].

AF Detection and Simulated Alarms

Time-based and patient-based AF detection sensitivities and
specificities for PPG data approved by the quality algorithm
are presented in Table 2. The time-based AF detection sensitivities
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were 94.5-95.0% and specificities 98.2-98.7% depending on
which detector time-frame was applied. Correspondingly, patient-
based AF detection sensitivities were 92.1-98.7% and specificities
81.4-99.0%. The Fl-scores for patient-based AF detection as
a function of AF detector time-frame length of 10, 20, 30,
and 60 min are presented in Figure 3B. The 30-min AF detector
time-frame yielded the highest F1 score of 0.9536. When using
the 30-min AF detection time, 72/76 AF patients were correctly
identified (sensitivity 94.7%) and only 3/97 SR patients received
a false positive AF diagnosis (specificity 96.9%).

The 30-min AF detector time-frame yielded correct AF
alarms with mean hourly sensitivity of 66.0% and a PPV of
97.8% (Table 3). During the night-time, the hourly sensitivity
and PPV were 78.2 and 97.2%; during the daytime, the
corresponding values were 49.3 and 97.0%.

No false AF alarms were given to patients with both
paroxysmal AF and SR in their recordings with time-frames
of 20, 30, and 60 min, but two paroxysmal AF patients received
a false AF alarm during SR with the 10-min time-frame. With
the 30-min AF time-frame, nine of the eleven patients with
paroxysmal AF had 100% of their AF episodes and one patient
35.0% correctly diagnosed with AE, and one paroxysmal AF
patient was left without an AF alarm.

User Experience
A total of 135 (78.0%) patients filled in the user experience
survey. The patients graded the PPG wrist-band as more
comfortable than the Holter ECG device (2.50+0.91 vs.
2.72+0.82), respectively [0.22 (95% CI 0.08-0.37), p=0.003].
Altogether 82.2% of the patients would be willing to use the
wrist-band at home for rhythm monitoring. Among the patients
aged >65years, 77.6% responded that they would use the
wrist-band at home.

If we assess the comments made about the wrist-band, only
6 (4.4%) of the patients felt that it interfered with their eating,

sleeping, and/or going to the toilet. Only 2 (1.5%) of the
patients reported that the wrist-band interfered with their ability
to move. More of the respondents (14=10.4%) stated that the
Holter device interfered with eating, sleeping, and/or going to
the toilet. The Holter device interfered with sleeping more
often than the wrist-band [4 vs. 11; —0.06 (—0.11-—0.01);
p=0.011].

Three (2.2%) of the patients reported sweating of the wrist
during the PPG recording. Two (1.5%) of the patients experienced
adverse effects from the Holter wet electrode glue, including
itching and irritation of skin; in two other cases (1.5%), there
were problems with the electrodes falling off.

DISCUSSION

Our study demonstrated that continuous wrist-band PPG
monitoring with an automated algorithm detected AF with high
sensitivity and specificity from selected good quality samples.
According to recent guidelines, PPG alone is not sufficient for
AF diagnosis (Hindricks et al., 2021). However, PPG-based AF
alarms followed by timely ECG recording for rhythm confirmation
could be useful for AF screening. In addition, the patients graded
PPG as more comfortable than Holter recording; the majority
of the patients was willing to use a PPG wrist-band at home
for rhythm monitoring. The study was conducted in a clinical
setting rather than using database data and 200 patients were
prospectively recruited. Currently, the scientific data concerning
AF detection with continuous PPG monitoring in ambulatory
patients is limited, and there is lack of guidelines for PPG-based
AF screening. Our study suggests that a wearable PPG is useful
for long-term screening of asymptomatic and paroxysmal AE.

Photoplethysmography has been previously proven to be able
to detect AF (Bashar et al., 2019; Dorr et al.,, 2019; Fan et al,
2019; Kashiwa et al., 2019; Solosenko et al., 2019; Viliaho et al,,
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with dashed red line. (B) shows F1-scores for patient-based AF detection for AF detection time-frames of 10, 20, 30, and 60 min. AF, atrial fibrillation; AM, ante
meridiem; h, hour; Med, median; min, minute; PM, post meridiem; and PPV, positive predictive value.
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TABLE 2 | Sensitivities and specificities of AF detection from different AF
detection time-frames.

10min 20min 30min 60min
Patient-based Sensitivity 98.6 98.7 94.7 92.1
Specificity 81.4 89.7 96.9 99.0
Time-based Sensitivity 95.0 95.0 94.9 94.5
Specificity 98.2 98.4 98.6 98.7

Values were calculated for each patient and for all combined PPG data (time-based).
Patient sensitivity was calculated with the condition if the AF detection algorithm
diagnosed a patient with at least one true AF and specificity if a patient with SR was
diagnosed with even one AF diagnosis by the algorithm from the whole PPG
registration. For the time-based results, every detector window diagnosed as AF by the
algorithm was a true AF if that same window was diagnosed as AF in the 3-lead ECG
interpreted by an investigator.

TABLE 3 | Performance of simulated AF alarms.

10min 20min 30min  60min
AF alarms (AF Sensitivity 73.8% 69.1% 66.0% 62.1%
group patients, PPV 94.7% 96.6% 97.8% 98.1%
n=76)
False AF alarms Patients 18 (18.6%) 10(10.3%) 3(3.1%) 1(1%)
(SR group patients  Average 3.5 3.8 7.7 19
/patients with no per patient
AF, n=97)
False AF alarms Patients 2 (18%) 0 0 0
(AF group patients  Average 1 0 0 0
with paroxysmal per patient

AF and SR, n=11)

Simulated AF alarms were generated for each hour over the entire study population to
simulate the continuous use of the AF detection PPG wrist-band device. All data were
divided into 1-h segments and sensitivity was calculated as correct hours with AF
alarms/h with true ECG-confirmed AF. AF, atrial fibrillation; PPV, positive predictive value;
and SR, sinus rhythm.

2019; Avram et al., 2021; Viliaho et al, 2021), but the signal
quality is affected by motion artifacts (Bashar et al., 2019; Solosenko
et al, 2019; Nabavi et al., 2020). Recently, in a continuous AF
monitoring study a total of 32.2% of the PPG data was classified
as indeterminate, and in line with us more often during the
day-time compared to night-time (Avram et al, 2021). In our
study, during the daytime, as much as 69.5% of the data recorded
from ambulatory patients were discarded. This demonstrates that
hand-movement causes significant motion artifacts in the PPG
signal. In previous studies in stationary patients at rest, 5.5-43.2%
of the data from short 1-5min PPG recordings also were discarded
due to insufficient signal quality (Dorr et al, 2019; Fan et al,
2019). In a study evaluating PPG wrist-band signal quality in
mobile patients with SR, up to 87.2% of 30-s PPG segments
were discarded due to both motion and noise artifacts, and
68.0% when only motion artifacts (acceleration) were considered
(Bashar et al., 2019). In line with these reports, here 32.7% of
the night-time data recorded from resting patients were deemed
non-interpretable; of this, almost one-third could not be explained
fully by hand-movement, and 69.5% of the daytime data were
discarded. As the PPG is recorded with an optical sensor, proper
skin contact is needed for good quality recording, i.e., the position
of the sensor can affect the signal quality even when the hand

is stationary. In the future development of sensor fusion algorithms
compensating for signal disturbances caused by acceleration and
sensor position will be needed to improve PPG signal quality,
particularly during the daytime (Nabavi et al, 2020). In our
study, the proportion of rejected PPG data based on acceleration
was similar between the groups, but more data were discarded
in the AF group compared to the SR group based on PPG
waveform stationarity. However, in the validation process, there
was no difference in detection of high-quality 1-min segments
between AF and SR groups. The decreased PPG waveform
stationarity in the AF group is probably related to the higher
heart rate in AE, which may alter beat-to-beat stroke volumes
and thereby distort PPG waveform amplitudes causing merging
of some pulse waves.

PPG-based AF detection in stationary patients from short, a
few minute long recordings, can provide AF detection with high
sensitivity (93.7-96.4%) and specificity (96.3-99.7%) (Dorr et al.,
2019; Fan et al., 2019; Viliaho et al., 2019; Viliaho et al., 2021).
With continuous PPG monitoring, sensitivities of 72.0-92.7%
and specificities of 97.4-99.7% have been reported (Bashar et al.,
2019; Kashiwa et al., 2019; Solosenko et al., 2019; Avram et al,
2021) and discarding poor quality data decreased portion of
false positive AF diagnoses (Bashar et al., 2019; Solosenko et al,
2019). Despite the problem of a non-interpretable signal and
44.1% of total discarded PPG data, the current study displayed
a sensitivity of 95.4%, a specificity of 99.7% and PPV of 97.8%
for the detection of AF in a clinical setting in ambulatory patients
and 24-h continuous PPG recordings. Only 3 patients here
received false AF alarms, as low-quality PPG samples were
discarded. Our findings also confirmed some earlier results (Avram
et al, 2021), that AF can be diagnosed more likely during the
night compared to day-time. In resting patients with continuous
PPG monitoring, AF was identified with a sensitivity of 81.0%,
specificity of 96.4%, and PPV of 86.6% (Kashiwa et al., 2019).
In our study from night-time recordings, the hourly simulated
AF alarm sensitivity for the detection of AF was similar 78.2%,
but the PPV was higher 97.2%. We also found that during
daytime, the sensitivity of hourly AF alarm declined significantly,
which is logical as more data are rejected due to poor PPG
quality caused by the hand-movement. For example, if a 30-min
PPG segment during AF rhythm was interpreted to contain too
much low-quality data and thus not qualified for rhythm analysis,
no AF alarm was given and this was counted as false negative
AF detection, which decreased AF detection sensitivity in our
results. Nonetheless, our method provided reliable AF detection
alarms with high PPV during continuous PPG monitoring at
any time (97.0-97.2%). The AF detection sensitivity was higher
at night when the patient was resting. As PPG is susceptible to
artifacts caused by noise or motion which can lead to false AF
alarms, a higher specificity for detection AF is likely to be preferred
in exchange for a lower sensitivity in continuous PPG screening
lasting at least for a day (Solosenko et al., 2019). False alarms
during continuous PPG monitoring could become an unwieldy
problem, that could restrict feasibility of the approach of PPG-based
screening followed by an ECG for rhythm verification (Solosenko
et al,, 2019). We demonstrated a continuous monitoring method
with high PPV for AF achieved with PPG signal quality assessment
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and relatively long duration detection time-frames. Currently,
the state-of-the-art PPG-based AF detectors can identify AF
episodes with high accuracy from high-quality data. In the future,
a special focus should be on developing sensor mechanics and
methods for compensating for the motion artifacts to improve
PPG quality and AF detection accuracy.

The special demands of the elderly, the main target population
of AF screening, are not usually given sufficient consideration
in the development of wearable health technologies (Ehmen
et al, 2012). Wrist-band activity trackers have been found to
be easy to use by the elderly in their daily lives and to generally
improve health outcomes in this population (O’Brien et al.,
2015). In a feasibility study of wrist-band activity trackers
among the elderly, the participants wore these devices 24h a
day for 12weeks with only 15% of them terminating wearing
the wrist-bands (O’Brien et al., 2015). In our study, the majority
of the patients (82.2%) reported that they would be willing
to use the PPG wrist-band at home for rhythm monitoring.
O’Brien et al. reported that the patients in their study mastered
the use of an activity wrist-band easily for sport and health
purposes (O’Brien et al., 2015). Thus, it does seem that “around-
the-clock” use of the wrist-band is well tolerated.

There are increasing data supporting the proposal that the
risk of stroke increases with AF burden, but the current guidelines
regard AF as either absent or present (Tiver et al., 2021). The
effect of brief AF episodes (lasting up to 6min) on the risk
of stroke remains unknown (Chen et al., 2018). Brief AF episodes
or atrial high rate episodes lasting from 5 or 6min to 1h have
been associated with a 2-fold risk of ischaemic stroke (Healey
et al,, 2012; Boriani et al., 2014), but during 2-year follow-up,
AF burden of 1h was found to be associated with the highest
hazard ratio for ischaemic stroke (vs. 5-min, 6-h, 12-h, and
23-h daily AF burden; Boriani et al, 2014). We tested the
performance of AF detector frames of 10- to 60-min duration.
We found that a shorter AF detector frame yielded higher
sensitivity but a longer window yielded higher specificity. The
30-min frame achieved the best performance for AF detection.

AF can be silent, and it is a major preventable risk factor
for stroke. Screening of AF is justified among the high-risk
groups, including the elderly and/or patients with other risk
factors for stroke. The diagnostic yield for AF increases with
the duration, dispersion and number of the screenings (Tung
et al., 2015; Chua et al., 2020; Diederichsen et al., 2020). In
the long-term continuous monitoring of patients with stroke
and transient ischaemic attacks, the first episode of paroxysmal
AF was usually detected after 1.5days of monitoring (Tung
etal., 2015). Small ECG devices designed for long-term rhythm
monitoring, such as ECG patches, have been proposed to
be beneficial for AF screening. In a study with 14-day
continuous ECG monitoring, 7-fold more new AF or
supraventricular tachyarrhythmia cases were detected compared
to standard 24-h ambulatory ECG monitoring in patients
with a mean age of 62years (Chua et al., 2020) and 10-fold
more AF cases as compared to standard care with regular
pulse checks and heart auscultations in patients aged 75 or
older (Gladstone et al, 2021). However, ECG monitoring
with ambulatory ECGs or single ECG patches requires

application of wet electrodes, which can cause skin irritation
and decrease the device’s comfort, particularly during long-
term recording Gladstone et al. reported 1.2% of the patients
reported skin irritation caused by the ECG patches (Gladstone
et al,, 2021) but Chua et al. reported a much higher value
(46%) (Chua et al., 2020). Here, only 1.5% patients complained
of skin reactions from the wet electrodes of the ambulatory
ECG used as the golden standard for rhythm analysis. A
PPG wrist-band does not need wet electrodes or electrical
wires, and the device can be easily removed and re-worn by
the user. Notably, the wrist-band did not evoke any skin
reactions. Thus, we would hypothesize that in terms of user-
friendliness, PPG is more feasible for long-term rhythm
screening than ECG recording.

Limitations

The study was conducted in a hospital environment, which
influenced the extent to which the patients engaged in physical
activity. Although after the first 5min, the patients were allowed
to move freely in the hospital, the patients were likely to
follow the time schedules in the hospital wards, e.g., same
dinner-times and roughly same sleep rhythm. The performance
of PPG recording for AF detection needs to be confirmed
using ambulatory recordings outside a hospital setting.

Although the study data were collected prospectively, the
sampling and analyzing were undertaken retrospectively with
the extracted PPG signal data. Rhythms were only classified
as AF or SR by the algorithm and no other arrhythmias except
if extrasystoles were present in the recordings. Only 14.5% of
the AF patients had paroxysmal AE The ultimate goal in real-
life is to detect asymptomatic and paroxysmal AF in high-risk
patients. Here, patients with initially known rhythm (SR or
AF) based on the 12-lead ECG were recruited. Thus, the study
should be seen as a proof-of-concept, and more research will
be needed to evaluate the diagnostic yield of AF in patients
with asymptomatic and paroxysmal AE

The 30-min time-frame was used here for generating AF
alarms. This time-frame can only detect AF episodes lasting
30min, and therefore, shorter AF paroxysms would be left
without an AF alarm. However, there are two issues that need
to be addressed here. First, a short AF episode confirms that
the patients have AFs. Indeed, in spite of the limitations listed
above, in our study, nine of the eleven patients with paroxysmal
AF (14.5%) had all their AF episodes correctly diagnosed, and
only in one patient, all AF episodes were missed. Secondly,
recent studies have found that AF episodes lasting only few
minutes are not long enough to confirm that the patient has
risk of stroke and are not indicative to start anticoagulation
(Van Gelder et al, 2017; Svendsen et al., 2021).This suggests
that longer AF episodes should be screened to identify patients
who benefit from anticoagulation.

The final diagnosis of AF cannot be made based only on
PPG. This requires a 12-lead resting ECG or 30-s 1-lead ECG
recording (Hindricks et al., 2021). However, long-term PPG
screening with AF alarms could trigger a timely ECG recording
for the confirmation of AE
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CONCLUSION

We demonstrated that 24-h wrist-band PPG monitoring with
an automated algorithm provided reliable AF detection. Due to
movement artifacts, the quality of the PPG signal was lower
during the daytime. Nonetheless, the PPV of AF detection remained
high (97.0-97.2%) throughout the 24h. The patients graded PPG
as more comfortable than Holter recording and most of them
were willing to use a PPG wrist-band at home for AF monitoring.
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