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1. Background

ABSTRACT

Background: Several smart devices are able to detect atrial fibrillation automatically by recording a single-
lead electrocardiogram, and have created a work overload at the hospital level as a result of the need for
over-reads by physicians.

Aim: To compare the atrial fibrillation detection performances of the manufacturers’ algorithms of five
smart devices and a novel deep neural network-based algorithm.

Methods: We compared the rate of inconclusive tracings and the diagnostic accuracy for the detection of
atrial fibrillation between the manufacturers’ algorithms and the deep neural network-based algorithm
on five smart devices, using a physician-interpreted 12-lead electrocardiogram as the reference standard.
Results: Of the 117 patients (27% female, median age 65 years, atrial fibrillation present at time of
recording in 30%) included in the final analysis (resulting in 585 analyzed single-lead electrocardio-
gram tracings), the deep neural network-based algorithm exhibited a higher conclusive rate relative to
the manufacturer algorithm for all five models: 98% vs. 84% for Apple; 99% vs. 81% for Fitbit; 96% vs. 77%
for AliveCor; 99% vs. 85% for Samsung; and 97% vs. 74% for Withings (P<0.01, for each model). When
applying our deep neural network-based algorithm, sensitivity and specificity to correctly identify atrial
fibrillation were not significantly different for all assessed smart devices.

Conclusion: In this clinical validation, the deep neural network-based algorithm significantly reduced the
number of tracings labeled inconclusive, while demonstrating similarly high diagnostic accuracy for the
detection of atrial fibrillation, thereby providing a possible solution to the data surge created by these

smart devices.
© 2023 Published by Elsevier Masson SAS.

icantly reduced through oral anticoagulation [1]. According to the
2020 European Society of Cardiology guidelines [2], diagnosis of AF

Atrial fibrillation (AF) represents the most common cardiac
arrhythmia. The risk of a stroke associated with AF can be signif-

Abbreviations: AF, atrial fibrillation; Al, artificial intelligence; CI, confidence
interval; DNN, deep neural network; PDF, portable document format; SR, sinus
rhythm.
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is possible by electrocardiographic documentation using a standard
12-lead electrocardiogram or with a single-lead electrocardiogram
tracing of at least 30 seconds. Several wearable smart devices capa-
ble of detecting AF are presently available, and more are expected
to enter the market soon [3]. It is anticipated that the use of
smart devices will increase from 325 million connected devices
in 2016 to 1.1 billion devices worldwide by 2023 [4]. With public
health concerns, such as the coronavirus disease 2019 (COVID-
19) pandemic, remote contact between patients and healthcare
providers will further accelerate this transformation [5]. Despite
this increasing adoption of smart devices, multiple uncertainties
remain.
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A common clinical issue with smart watch technologies is
that automated rhythm interpretation is conservative, and there-
fore many automated diagnoses are deemed inconclusive, despite
yielding a readable single-lead electrocardiogram tracing [6]. To
overcome this issue, manual clinician interpretation has been sug-
gested. As these smart devices incorporate a paradigm shift in
the healthcare system by generating consumer-initiated instead
of clinician-initiated diagnostics, data overload is a major concern.
Smart devices may substantially increase the workload of a cardi-
ology service already under significant pressure.

There has not, to our knowledge, been any use of a device
agnostic artificial intelligence (Al) algorithm to analyze single-
lead electrocardiogram tracings recorded from different devices.
Cardiologs (Cardiologs Technologies, Paris, France) has developed
a proprietary algorithm that is based on deep neural networks
(DNNs), and has been trained to detect QRS complexes and ventric-
ular ectopic beats, extract QRS features, measure heart rates and
intervals and, most importantly, determine heart rhythms, such
as AF. This algorithm was developed for arrhythmia detection in
Holter electrocardiograms [7]. An adapted version of this algorithm
has also been validated on implantable loop recorder [6] electrocar-
diograms. So far, no attempt has been made to use the Cardiologs Al
algorithm on single-lead electrocardiograms from different smart
devices.

The aim of this study was to compare the rate of inconclusive
tracings and the diagnostic accuracy for the detection of AF between
the manufacturers’ algorithms and a DNN-based algorithm on five
smart devices, using a physician-interpreted 12-lead electrocardio-
gram as the reference standard.

2. 3. Methods
2.1. Study design and population

Between April 2021 and February 2022, we enrolled 168 sub-
jects presenting to the University Hospital of Basel in a prospective
single-centre diagnostic study. Patients included were sched-
uled for catheter ablation procedures, electric cardioversions or
pacemaker or implantable cardioverter defibrillator implantation.
Patients had to be aged > 18 years to participate in this study. Partic-
ipants with paced ventricular rhythm, missing recordings because
of logistical or technical issues and patients with heart rhythm
change between the 12-lead electrocardiogram and correspond-
ing single-lead electrocardiograms were excluded. The study was
approved by the local ethics committee, pre-registered (Clinical-
Trial.gov identifier: NCT04809922) and carried out according to the
principles of the Declaration of Helsinki. Informed consent was pro-
vided by all patients included in the study. The study was designed
by the authors. The design, data collection and analysis were con-
ducted according to the STROBE guidelines [8] for observational
studies (Table A.1). All authors vouch for the data and analysis,
wrote the paper together and made the decision to submit the
manuscript for publication.

2.2. Study aim

The primary aim of this study was to compare the rate of incon-
clusive tracings and the diagnostic accuracy for the detection of
AF based on the manufacturers’ algorithms and a DNN-based algo-
rithm (capable of interpreting any recording based on a portable
document format [PDF] file, derived from the different devices
used). The devices used for recording were five wearable smart
devices (Apple Watch 6 [Apple Inc., Cupertino, CA, USA], AliveCor
Kardia Mobile or Kardia Mobile 6L [AliveCor Inc., Mountain View,
CA, USA], Fitbit Sense [Fitbit Inc., San Francisco, CA, USA], Samsung
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Galaxy Watch 3 [Samsung Inc., Seoul, South Korea] and Withings
Scanwatch [Withings SA, Issy les Moulineaux, France]), which are
readily commercially available, as well as Conformité Européenne
(CE) and Food and Drug Administration (FDA) marked [9]. As gold
standard, a nearly simultaneously acquired physician-interpreted
12-lead electrocardiogram was used to compare against the trac-
ings recorded by the smart devices.

2.3. Study assessment

Patients eligible for participation obtained a preprocedural 12-
lead electrocardiogram (part of routine clinical care), followed
sharply by the five 30-second wearable smart device recordings.
Twelve-lead electrocardiograms were recorded with a standard
electrocardiogram machine (Schiller SDS-200, Touch 4.4.3; Schiller,
Baar, Switzerland) with a sweep speed of 25 mm/s and standard
augmentation of 10 mm/mV. Single-lead electrocardiograms from
the above-mentioned smart devices were recorded according to
instructions provided by the manufacturing company. Regard-
less of handedness, single-lead electrocardiograms were recorded
while wearing the watch on the left wrist, when possible. The man-
ufacturer’s diagnosis from the single-lead electrocardiogram (sinus
rhythm [SR], AF or unclassified) was registered, and a report of the
single-lead electrocardiogram waveform was saved as a PDF file.
Existing hospital records were used to complete demographic data
and medical history.

2.4. Electrocardiogram interpretation

2.4.1. Physicians’ interpretation

Smart device single-lead electrocardiogram recordings and cor-
responding 12-lead electrocardiogram recordings were exported as
PDF files and anonymized. Twelve-lead electrocardiogram record-
ings were distributed to two blinded cardiologists (T. S. and D. M.).
Each 12-lead electrocardiogram recording was evaluated indepen-
dently, and a diagnosis (SR, AF or inconclusive) was determined.
The diagnosis of AF was made according to the definition given by
the 2020 European Society of Cardiology guidelines [2]. Disagree-
ments between the two cardiologists’ diagnoses were reviewed and
assessed by a third cardiologist (P. B.). The physician-based 12-lead
electrocardiogram interpretation was used as the gold standard for
any single-lead electrocardiogram tracing, and regardless of the
algorithm used for the interpretation.

2.4.2. Alinterpretation

Single-lead electrocardiogram recordings distributed to the
cardiologists needed to be reformatted for analysis by the
Cardiologs DNN-based algorithm. PDF files were parsed to
extract the corresponding single-lead electrocardiogram wave-
forms, which were transmitted to the Cardiologs platform through
a secured/encrypted connection for assessment of the presence
of AF. The graphical representations of the single-lead electro-
cardiogram waveforms provided by the platform were carefully
compared with the graphical representations provided by the
PDF files. Reference grids with a common scale (large square:
0.2s x 0.5 mV; small square: 0.04s x 0.1 mV) were superimposed
on the waveforms to support the visual comparison, making this
method equivalent to the superposition of the two signals. For all
sampling times, voltage differences were always found to be lower
than one small square (Central illustration). This method is the best
that could be achieved without direct access to the raw data. Note
that in the case of badly parsed signals, the DNN-based algorithm is
more likely to indicate recordings as uninterpretable, which would
be detrimental to its performance. In other words, the DNN-based
algorithm is the only algorithm that would see its performance
increased if the parsing procedure could be improved.
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The Cardiologs platform is a cloud-based platform that auto-
matically analyses the single-lead electrocardiograms it receives.
To remove high frequency artifacts and baseline wander, elec-
trocardiograms are first preprocessed using wavelet filtering.
Electrocardiograms are also normalized and resampled at 250 Hz
to support various devices with different sampling frequencies.
Following this necessary preprocessing filtering, the DNNs then
perform a beat detection and a rhythm classification, which enable
assessment of the presence or absence of AF.

The platform uses two DNNs, one for wave detection and one
for rhythm classification. The heart waves are detected using a DNN
with a U-net architecture [10], consisting of 11 convolutional layers
and six residual blocks (800,000 parameters). Taking the electrocar-
diogram signal as input, it outputs the onsets and offsets of P waves,
QRS complexes and T waves. For the rhythm, a DNN with a VGG-
like architecture [11] is used, consisting of 13 convolutional layers
followed by three fully connected layers (4 million parameters);
it outputs multiple labels, which correspond to different rhythms
(e.g. SR, AF, atrial flutter, other atrial tachycardia, atrioventricular
block, ventricular tachycardia, noise).

These DNNs were trained and validated using a dataset of
more than 1 million electrocardiograms from an anonymized
dataset that had previously been adjudicated by physicians or
certified electrocardiogram technicians. The dataset contains 12-
lead electrocardiograms and Holter electrocardiograms, and the
DNN supports, by design, the analysis of a single lead of these
electrocardiograms. These electrocardiograms were acquired from
North American, European and Asian independent diagnostic test-
ing facilities, hospitals or public datasets. Stochastic descent, early
stopping and dropout were used during training to avoid over-
fitting. The Keras framework with TensorFlow backend (Google;
Mountain View, CA, USA) on K-80 (NVIDIA) graphics processing
units were used to implement and train the DNNs. The trained DNN
reached 96% sensitivity and 99% specificity for the detection of AF
or atrial flutter [12]. The Cardiologs DNN-based algorithm analyzed
the five single-lead electrocardiogram tracings, analysis was per-
formed individually and separately per tracing (each tracing was
analyzed individually, with no grouped analysis, and there was no
connection between tracings from different devices recorded from
the same patient).

2.4.3. Performance of AF diagnosis excluding inconclusives

For this analysis, single-lead electrocardiograms that led to an
inconclusive diagnosis were excluded from the analysis to get a
binary classification (i.e. AF or SR) of these single-lead electro-
cardiograms for each device and each algorithm. This means that
the performance metrics (i.e. accuracy, sensitivity, specificity and
positive predictive value) were evaluated on a different subset of
subjects for each model.

2.4.4. Performance of AF diagnosis with an intention to diagnose

As a second analysis, single-lead electrocardiograms that led to
an inconclusive diagnosis were considered as false positives when
the subject was in SR or as false negatives when the subject was in
AF, to get binary classifications. This intention-to-diagnose analysis
was suggested by Schuetz et al. [ 13] for the reallocation of diagnos-
tic tests with non-binary results. This means that the performance
metrics were evaluated on the exact same set of subjects. Fig. 1
provides an explanatory overview of the reallocation process.

2.5. Statistical analysis

Normality was assessed visually using histograms. Quantitative
variables are described by medians (first and third quartiles)
because of non-Gaussian distributions. Categorical variables are
described by numbers and percentages. For each smart device,
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conclusive rate, accuracy, sensitivity, specificity and positive
predictive value were reported as performance metrics for both
algorithms. Non-parametric 95% confidence intervals (CIs; exact
method: Clopper-Pearson intervals) were also reported and
compared, except for positive predictive value. Differences in
conclusive rate, accuracy, sensitivity and specificity (unpaired
data) were tested with two-sided proportion Z tests, with a sig-
nificance level of 5%. The inter-rater correlation for heart rhythm
classification between cardiologists was calculated using Cohen’s
kappa coefficient.

3. Results
3.1. Baseline data

In this prospective single-centre study we enrolled 168 subjects
from April 2021 to February 2022. Fifty-one patients were excluded
because of paced ventricular rhythm (n=12) or the lack of five avail-
able single-lead electrocardiograms (n=39), leaving 117 patients in
the final cohort. The median age was 65 years (interquartile range
56-74 years), 27% of patients were female, and in 83% of patients
there was a known history of AF. The median CHA,DS,-VASc score
was 2 (interquartile range 1-3), and 30% of patients presented in
AF; among these, six (5%) patients presented in atrial flutter/atrial
tachycardia and premature ventricular contractions were present
in 12 (10%) patients. Table 1 provides baseline characteristics.
The inter-rater correlation (i.e. Cohen’s kappa) for heart rhythm
classification based on the 12-lead electrocardiogram between car-
diologists was 0.94 (95% CI 0.86-1.0).

3.2. Comparison of inconclusive rates between the
manufacturers’ algorithms and the DNN-based algorithm

Of the 117 patients included in the final analysis, resulting in
585 analyzed single-lead electrocardiogram tracings, the rate of
inconclusive tracings was 16% for Apple, 15% for Samsung, 26%
for Withings, 19% for Fitbit and 23% for AliveCor. Reasons for
inconclusive tracings were: low quality (13%); bradycardia (20%);
tachycardia (8%); and no reason stated by the manufacturers’ algo-
rithms (59%, (Table A.3). By comparison, the DNN-based algorithm
exhibited a higher conclusive rate relative to the manufacturers’
algorithm for all five models: 98% vs. 84% for Apple; 99% vs. 81% for
Fitbit; 96% vs. 77% for AliveCor; 99% vs. 85% for Samsung; and 97%
vs. 74% for Withings (P<0.001 for each model; Fig. 2). Overall, we
observed a mean conclusive rate of 98 & 1.4% for the DNN-based
algorithm and a mean conclusive rate of 80 + 4.4% for the manufac-
turers’ algorithms across all five devices (Table 2). Using manual
interpretation, the inconclusive rate was 0 (0%) for the 12-lead
electrocardiograms.

3.3. Comparison of diagnostic accuracy for the detection of AF
between the manufacturers’ algorithms and the DNN-based
algorithm

Sensitivity and specificity for the manufacturers’ algorithms
to correctly identify AF were 100% (95% CI 89-100%) and 97%
(95% CI 90-99%) for Apple, 96% (95% CI 82-99%) and 100% (95%
CI 95-100%) for Fitbit, 100% (95% CI 89-100%) and 98% (95% CI
91-100%) for AliveCor, 100% (95% CI 89-100%) and 93% (95% CI
84-97%) for Samsung and 96% (95% CI 80-99%) and 95% (95% CI
87-98%) for Withings. When applying the DNN-based algorithm,
sensitivity and specificity to correctly identify AF were not sig-
nificantly different from those observed for the manufacturer’s
algorithms: 100% (95% CI 90-100%) and 98% (95% CI 91-99%) for
Apple; 100% (95% CI1 90-100%) and 99% (95% CI 93-100%) for Fitbit;
100% (95% CI1 90-100%) and 97% (95% CI 91-99%) for AliveCor; 97%
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Reallocation of tracings
labeled inconclusive, examplary for the Fitbit Sense :

1 Gold standard
Test diagnosis + -
. True positive False positive
26 2
. False negative True negative
1 68
1 - Contingency table with inconclusive tracings excluded.
2 Gold standard
Test diagnosis + -
+ True positive False positive
26 2
. Inconclusive (positive) Inconclusive (negative)
Inconclusive
- 8 16
) False negative True negative
1 68

2 - Inconclusive tracings listed but not relabeled.
Arrows indicate how tracings labeled inconclusive will be reallocated.

3 Gold standard
Test diagnosis + -
T iti
+ e ;gSI e False positive +
inconclusive (negative)
False negative + 2+16=18
inconclusive (positive) ,
) 8+1=9 True r;;gatlve

3 - Contingency table with inconclusive tracings reallocated.
Bold number was used for ITD analysis.

Fig. 1. Methodological procedure of the intention-to-diagnose analysis. Reallocation of tracings labeled inconclusive, explanatory for the Fitbit Sense: (1) contingency table
with inconclusive tracings excluded; (2) inconclusive tracings listed but not relabeled (arrows indicate how tracings labeled inconclusive will be reallocated); (3) contingency
table with inconclusive tracings reallocated. Bold numbers used for intention-to-diagnose analysis.

(95% CI 85-99%) and 98% (95% CI 91-99%) for Samsung; and 91%
(95% CI 77-97%) and 98% (95% CI 91-99%) for Withings (Table 2
and TableA.3, Fig. 2).

3.4. Intention-to-diagnose analysis

When performing an intention-to-diagnose analysis to assess
the actual diagnostic accuracy in everyday use by reallocating
inconclusive results as interpreted by the manufacturer algorithms
as false positive and false negative (see Methods section), the
results were as follows: for manufacturers’ algorithms, diagnostic
accuracy ranged from 71% (Withings) to 82% (Apple) for everyday

performance based on the intention-to-diagnose analysis, whereas
the diagnostic accuracy achieved by the DNN-algorithm ranged
from 93% (Withings) to 98% (Fitbit). The DNN-based algorithm out-
performed all of the five manufacturers’ algorithms in each of the
assessed variables (accuracy, sensitivity, specificity, and positive
predictive value), as shown in Fig. 3 and Table A.2.

4. Discussion

In this large prospective diagnostic study, we set out to compare
the rate of inconclusive single lead electrocardiogram tracings
and the diagnostic accuracy for the detection of AF between the
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Table 1
Baseline characteristics of the study population.
Not paced & five ECGs AA No AA
(n=117) (n=35) (n=82)

Male sex 86 (73.5) 26 (74.3) 60(73.2)
Age (years) 65 (56-74) 72 (63-76) 63 (55-73)
BMI (kg/m?) 26.8(24.1-30.1) 26.9 (24.8-30.0) 26.1(23.9-30.2)
Procedure

PVI 80 (68.4) 28 (80.0) 52 (63.4)

EPS/RFA SVT 15(12.8) 3(8.6) 12 (14.6)

EPS/RFA VT 6(5.1) 0(0.0) 6(7.3)

Pacemaker 3(2.6) 0(0.0) 3(3.7)

EPS/RFA CTI 7 (6.0) 1(2.9) 6(7.3)

ICD 4(34) 1(2.9) 3(3.7)

Cardioversion 2(1.7) 2(5.7) 0(0.0)
Known AF 97 (82.9) 34(97.1) 63 (76.8)
Previous MI/PCI 12(10.3) 5(14.3) 7(8.5)
CHA,DS,-VASc 21+16 3.0+18 1.7+13
Vascular disease 13(11.1) 6(17.1) 7(8.5)
Diabetes 15(12.8) 8(22.9) 7(8.5)
Hypertension 60 (51.3) 21 (60.0) 39 (47.6)
Stroke 9(7.7) 6(17.1) 3(3.7)
CHF 22 (18.8) 10(28.6) 12(14.6)
LVEF (%) 57 (50-61) 52 (46-57) 59 (54-62)
LA diameter (mm) 42 (36-45) 43 (37-46) 42 (35-45)
LAVI (%) 39 (30-46) 43 (39-47) 34 (24-44)
12-lead diagnosis

AF 29 (24.8) 29(82.9) 0(0.0)

AFL/AT 6(5.1) 6(17.1) 0(0.0)

SR 82 (70.1) 0(0.0) 82 (100.0)

Data are expressed as number (%), median (interquartile range) or mean + standard deviation. AA: atrial arrhythmia; AF: atrial fibrillation; AFL: atrial flutter; AT: atrial
tachycardia; BMI: body mass index; CHF: congestive heart failure; CTI: cavotricuspid isthmus; ECG: electrocardiogram; EPS: electrophysiology studies; ICD: implantable
cardiac device; LA: left atrial; LAVI: left atrial volume index; LVEF: left ventricular ejection fraction; MI: myocardial infarction; PCI: percutaneous coronary intervention; PVI:
pulmonary vein isolation; RFA: radiofrequency ablation; SR: sinus rhythm; SVT: supraventricular tachycardia; VT: ventricular tachycardia.

Proportion of conclusive diagnoses
Sk %k fk gk sk Accuracy
1 1 1 1 1
100 - 100 1
90 - 90
~ 80 ~ 801
£ £
70 - 70 4
60 - 60
B)ar=— — o 50 +— - o
AliveCor  Apple Fitoit ~ Samsung  Withings AliveCor  Apple Fitbit Samsung  Withings
Sensitivity Specificity
100 - 100 -
90 - 90 1
— 801 80+
& =
70 - 70 4
60 - 60
- 50 -
AliveCor Apple Fitbit Samsung  Withings AliveCor Apple Fitbit Samsung  Withings
Manufacturers' algorithms DNN-based algorithm Manufacturers' algorithms DNN-based algorithm

Fig. 2. Performance comparison between deep neural network (DNN)-based algorithm and five manufacturers’ algorithms in detecting atrial fibrillation. Top left: comparison
of proportion of conclusive tracings of each algorithm. Top right: overview of accuracy between algorithms. Bottom row: sensitivity and specificity of each device. *** P<0.001.
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Table 2
Performance evaluation of atrial fibrillation diagnosis by device and algorithm used for analysis.
Device Algorithm Number of Inconclusives CR (%) True False False True Accuracy Sensitivity PPV (%) Specificity
samples positives negatives  positives negatives (%) (%) (%)
Apple MFR 117 19 84 32 0 2 64 98 100 94 97
Fitbit MFR 117 22 81 26 1 0 68 99 96 100 100
AliveCor MFR 117 27 77 30 0 1 59 99 100 97 98
Samsung MFR 117 18 85 31 0 5 63 95 100 86 93
Withings MFR 117 30 74 23 1 3 60 95 96 88 95
Apple DNN 117 2 98 35 0 2 78 98 100 95 98
Fitbit DNN 117 1 99 35 0 1 80 99 100 97 99
AliveCor DNN 117 5 96 35 0 2 75 98 100 95 97
Samsung DNN 117 1 99 34 1 2 79 97 97 94 98
Withings DNN 117 3 97 31 3 2 78 96 91 94 98
CR: conclusive rate; DNN: deep neural network; MFR: manufacturer; PPV: positive predictive value.
Proportion of conclusive diagnoses
ek sk sk gk s ITD accuracy
100 1 100
90 90
— 801 — 801
E3 £
70 70
60 60
AliveCor Apple Fitbit Samsung  Withings AliveCor Apple Fitbit Samsung  Withings
ITD sensitivity ITD specificity
100 100 A
90 90
— 801 80+
.3 &
70 70
60 60
AliveCor Apple Fitbit Samsung  Withings AliveCor Apple Fitbit Samsung  Withings
Manufacturers' algorithms DNN-based algorithm Manufacturers' algorithms DNN-based algorithm

Fig.3. Performance comparison between deep neural network (DNN)-based algorithm and five manufacturers’ algorithms in detecting atrial fibrillation based on an intention-
to-diagnose (ITD) analysis. Top left: comparison of proportion of conclusive tracings of each algorithm. Top right: overview of accuracy between algorithms. Bottom row:

sensitivity and specificity of each device. *** P<0.001.

manufacturers’ algorithms and a DNN-based algorithm on five
smart devices, using a simultaneously acquired physician-
interpreted 12-lead electrocardiogram as the reference standard.
The main findings were as follows. First, in this real-world cohort
of patients, we found a high rate of inconclusive tracings, ranging
between 15% and 26%, for all five smart device manufacturers. Sec-
ond, by applying a DNN-based algorithm, the rate of inconclusive
tracings could be lowered to 1-4%; this comes close to the reduction
in tracings labeled as inconclusive by physician review, as shown
in other work [14,15]. Third, we found high diagnostic accuracy for
the detection of AF for all five smart devices, and the DNN-based
algorithm performed with a non-significantly different high diag-
nostic accuracy, while allowing a diagnosis on a larger number of
recordings. Fourth, when relabeling inconclusive results as false
negative or false positive to assess everyday performance via an

intention-to-diagnose analysis, the DNN-based algorithm outper-
formed each manufacturer’s algorithm in terms of diagnostic
performance, as defined by sensitivity and specificity.

Our study’s findings extend and corroborate previous work with
smart devices, and help us to understand the most appropriate
clinical use of any smart device and associated single-lead elec-
trocardiogram function for AF management [16-18]. The rates of
inconclusive tracings were higher than initially reported [19], but
within the range of performances observed lately in other studies
[16,20,21]; our results expose the true clinical value of the manu-
facturers’ algorithms in a real-world cohort of patients.

Because of the primary multi-categorical classification of the
interpretation, we used the intention-to-diagnose analysis to
counter bias overestimating sensitivity and specificity due to
results not being reported exactly in a binary test [13] (i.e. positive,
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negative, inconclusive, with inconclusive interpretations being
neglected, as was often done in previous work on this subject),
and provide a realistic picture of the clinical potential of the smart
devices.

Al-based algorithms have been used for the detection of AF in
Holter and loop recorder electrocardiograms [22,23]. This type of
algorithm has shown that the technology can achieve high accuracy
[18,24,25]. Similarly, the proposed DNN-based algorithm could be
valuable in assisting physicians to manage the large amount of
data in the detection of AF using smart devices. One of the key
advantages is that it dramatically reduces the number of incon-
clusive strips, hence the time needed for manual over-reads by a
physician is likely to decrease in the future. This is important, as
the time needed to analyze a single-lead recording is a concern,
and represents a potential burden on limited clinical staff because
of the increased amount of electrocardiogram data sent by smart
device users. Nevertheless, it is important to be aware to not rely
solely on this technology, but instead to consider careful review of
tracings when the diagnosis remains inconclusive or when doubt
exists.

To the best of our knowledge, this is the first direct compari-
son of five smart devices with a novel DNN-based device-agnostic
algorithm within the same cohort. The results of our study suggest
that the current major limitation of smart watch technology use for
rhythm determination is based on the devices’ automated rhythm
detection algorithms, rather than the electrocardiogram acquisi-
tion technology. This poses a significant challenge for the medical
community, as these algorithms are proprietary, and highly vari-
able among companies. Unfortunately, detailed information on
how each of these algorithms adjudicates AF diagnoses is not avail-
able, nor is it likely to be shared between companies, because
of vested commercial interests. Thus, most manufacturers protect
their raw data and their algorithms.

In this context, a device-agnostic DNN-based algorithm provides
two key advantages. First, it guarantees an identical adjudication
of AF diagnoses across devices; hence the importance of device-
specific considerations is significantly reduced when the physician
assesses the output of the algorithm. Second, it has the advan-
tage to generalize across smart devices, which reflects that the
size and diversity of the training dataset were key and appropriate
to develop the algorithm. We hypothesize that the DNN can gen-
eralize to the noise and filtering differences resulting from using
one of the five different smart devices. For each smart device, the
fact that the algorithm generalizes to four other devices shows
that device-specific characteristics of the single-lead electrocardio-
gram tracings are not considered to derive the diagnosis, which
contributes to the robustness of the performance results. It is also
interesting to note that, if single-lead electrocardiogram recordings
of a new smart device should be considered, the device-agnostic
algorithm is more likely to give similar performances without the
need to retrain the DNN.

Archives of Cardiovascular Disease xXx (XXxX) XXX—XXX

The device-agnostic algorithm made its diagnosis based on a
PDF export, which posed different problems regarding the basis
and resources available for this algorithm. Not all PDFs were vec-
torized when exported as a PDF from the devices. At the time of the
study, the Withings PDF was exported as a rasterized PDF, which
made parsing of the PDF even more circumstantial. However, the
DNN-based algorithm highlights the potential for such technol-
ogy. Despite not being able to rely on raw data points generated
directly by the smart device sensors, the DNN-based algorithm
outperformed the devices’ algorithm, relying on possibly filtered
data.

4.1. Study limitations

There are several limitations present that should be considered.
First, inconclusive electrocardiograms were not repeated. Repeat-
ing tracings labeled as inconclusive after a few minutes could lead
to a greater number of conclusive tracings, and improve the perfor-
mances of the manufacturers’ algorithms, at the cost of time spent
by the patient and the physician.

Second, it is nevertheless to be considered that all manufactur-
ers update the hardware and especially software regularly, and we
can therefore expect algorithms to further improve. Thus, our anal-
ysis is an assessment of the current capacities of the manufacturers’
algorithms.

Third, it remains uncertain how tracing quality would have been
without the study personnel instructing and assisting patients in
recording tracings.

Fourth, the DNN-based algorithm is, like the analyzed manufac-
turers’ algorithms, not yet trained to analyze paced recordings.

Fifth, the graphical representation of the single-lead electro-
cardiogram waveforms has been carefully compared with the
graphical representations provided by the PDF files. This concept
is based on human interpretation; however, we used a reference
grid.

5. Conclusion

This device-agnostic DNN-based algorithm proved to be capable
of reducing the rate of inconclusive tracings recorded with smart
devices to a level where the rate of single-lead tracings without a
diagnosis was very close to or within the range of tracings inter-
preted manually by a cardiologist [18,24,25]; this was achieved
while maintaining high accuracy for the detection of AF, similar
to that reached by manufacturers’ algorithms on their conclusive
diagnostic domain. The DNN-based algorithm therefore offers a
possible solution to the still high number of inconclusive tracings
generated by smart devices. This offers the potential to reduce the
expected data surge generated through patient-initiated diagno-
sis related to single-lead recordings from smart devices (Central
Illustration).
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Central illustration. Top: overview of study design. Left: devices used for this study (top to bottom: Apple Watch 6; AliveCor Kardia
Mobile; Fitbit Sense; Samsung Galaxy Watch 3; Withings Scanwatch). Middle: PDF export, as displayed by the corresponding device.
Middle: signal pattern used by the Cardiologs deep neural network (DNN)-based algorithm for interpretation. Small box: reference (Ref.)
by cardiologist, diagnosis by device algorithm, DNN interpretation. Right: rate of tracings labelled as inconclusive by manufacturers’ or
DNN-based algorithm. AF: atrial fibrillation; bpm: beats per minute; ECG: electrocardiogram; Inc.: inconclusive; PDF: portable document

format; SL: single-lead.
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