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Abstract

Background: Machine Learning (ML) is a type of algorithm that autonomously learns to recognize complex patterns. In
the diagnostic context of cardiac arrhythmias, these algorithms have shown significant advancements due to their ability
to provide automated interpretation and pattern recognition in electrocardiograms (ECGs).

Objective: To analyze and identify the applicability, validity, and feasibility of ML algorithm models in the diagnostic
process of cardiac arrhythmias through automated electrocardiogram interpretation.

Methods: This systematic literature review was reported according to the PRISMA guidelines. The searches were
conducted in the Cochrane Library, EMBASE, LILACS, and PubMed between February 2022 and November 2022. The
study period encompasses articles published between 2017 and 2022.

Results: The database search yielded 119 results, covering three subthemes: Long QT Syndrome (LQTS), corrected QT
interval (QTc), and atrial fibrillation (AF). AF was the most prevalent theme. The sample sizes were quite variable. The
outcomes were mostly satisfactory. In the diagnosis of LQTS using Artificial Intelligence (Al), the algorithm outperformed
conventional methods in diagnostic distinction. In the evaluation of QTc, there was no difference between the Al-
integrated ECG and the conventional ECG. In the diagnosis of AF, the algorithms, models, and devices demonstrated
high sensitivity and specificity, along with greater accuracy.

Conclusion: ML models in the diagnostic process of cardiac arrhythmias are feasible and rapidly developing. They
demonstrate accuracy values between 96.4% and 98.2%, sensitivity between 92.8% and 99.4%, and specificity between
95% and 98.1%, particularly in the diagnosis of atrial fibrillation.
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Introduction The diagnostic approach for cardiac arrhythmias involves
two main components: clinical history and electrocardiogram
(ECQ). The clinical history lists irregular heartbeats, dyspnea,
fatigue, dizziness, and, when left untreated, a history of stroke
and heart failure. The suspicion can be corroborated by
changes in the cardiovascular physical examination through
auscultation with a stethoscope and palpation of pulses. The
diagnosis is confirmed with the recording of the ECG Holter
for 24 hours and subsequent certification of irregular rhythms
by a specialist physician. However, the conventional method
of diagnosis by ECG Holter, in general, imposes limitations
due to the lack of mechanical flexibility to the patient and the

According to the World Health Organization, cardiovascular
diseases (CVD) are the leading causes of death worldwide,
accounting for 32%." Among CVD, arrhythmias are the most
common and are characterized by abnormalities in the
generation or conduction of electrical impulses and occur
due to abnormal heart function, resulting in irregular heart
rhythms. The occurrence of arrhythmias may be indolent, but
they can cause serious outcomes.*?
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In Health Sciences, Al algorithms are predominantly applied
in prediction, recommendation, and diagnostic support
based on Machine Learning (ML) and Deep Learning (DL)
models. Conceptually, ML focuses on developing algorithms
that enable computer systems to learn without explicit
programming. In contrast, DL models derive their predictive
capabilities from Artificial Neural Networks (ANNs) with
multiple layers of information processing.”®

In this context, ML algorithms are now capable of analyzing
ECGs, providing automated interpretations, and predicting
associated risks.® The literature highlights predictions derived
from the optimization of procedural steps, such as signal
processing, extraction of significant variables, and algorithm
classification.’ Despite the intrinsic computational complexity,
there are several advances in systems that perform this role.

Therefore, Al tools can complement medical monitoring,
from preventive to rehabilitation levels. The development
of ML capable of conducting ECG analysis is essential in the
early detection of abnormal cardiac conditions remotely and
assisting the diagnostic process of arrhythmias and other health
conditions.® Furthermore, long-term cardiac monitoring,

recognition, and classification of arrhythmias based on the
analysis of the ECG tracing can be a time-consuming and
unnecessarily exhaustive process for the cardiologist. Thus,
autonomic arrhythmia detection techniques are useful for such
executions. In this scenario, computerized pattern recognition
techniques will potentially help provide diagnosis and medical
intervention whenever necessary.?

Considering the above, the study of Al and its derivative
technologies in the healthcare field proves to be highly
relevant. Therefore, this work aimed, through a systematic
review of scientific literature, to explore the applicability,
validity, and feasibility of ML models in the diagnostic
process of cardiac arrhythmias. The study sought to identify
methodological benefits and limitations, potential clinical and
social impacts of these technologies, and their implications for
the structure of medical education and practice.

Methods

The study design is a systematic literature review conducted
using the criteria established by the PRISMA method (Preferred
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Reporting Items for Systematic Reviews and Meta-Analyses), as
detailed in the methodological guidelines for the preparation
of systematic reviews and meta-analyses of randomized clinical
trials provided by the Brazilian Ministry of Health.®

For the literature search on the intended topic, the following
databases were used: Cochrane Library, Embase, LILACS (Latin
American and Caribbean Health Sciences Literature), and
PubMed-MEDLINE (Medical Literature Analysis and Retrieval
System Online). The search terms were derived from the DeCS/
MeSH (Health Sciences Descriptors/Medical Subject Headings)
vocabulary, supplemented by entry terms. The descriptors
included: arrhythmias; cardiac or cardiac arrhythmia; machine
learning; unsupervised machine learning; supervised machine
learning; deep learning; neural networks, computer or
computer neural networks or computational neural network
or computational neural networks; artificial intelligence or
Al or computational intelligence; and electrocardiography or
ECG or EKG. The search was conducted using the following
configuration of descriptors and Boolean operators: ((cardiac
arrhythmia) OR (arrhythmia) AND (machine learning)) OR
(unsupervised machine learning)) OR (supervised machine
learning)) OR (deep learning) OR (neural network) OR (artificial
intelligence) AND (electrocardiography).

During the screening process, studies meeting the following
inclusion criteria were considered: 1) research involving
human subjects or data obtained from human databases; 2)
publications in their final version in peer-reviewed scientific
journals; 3) studies of the following types: case-control studies,
cohort studies, clinical trials, case reports, and case series; 4)
published between 2017-2022; 5) available in Portuguese
or English. Exclusion criteria included: 1) publications in
languages other than Portuguese or English; 2) studies with
experimental descriptions lacking clinical application of the
algorithmic model; 3) articles unrelated to the diagnosis
of cardiac arrhythmias; 4) articles that do not apply Al
models to the diagnosis of cardiac arrhythmias; 5) articles
proposing methods for diagnosing cardiac arrhythmias using
examinations other than ECG; 6) articles describing the use of
Al for diagnosing conditions other than cardiac arrhythmias;
7) other types of publications, such as editorials, guidelines,
books, systematic reviews, and meta-analyses; 8) duplicated
results across the searched databases.

The screening process for search results and data extraction
was based on the PRISMA method and carried out by a
single operator. This process resulted in the creation of a
database and a table model, enabling the organization of the
retrieved data in configurations aligned with the employed
method’s criteria serving as a precursor to future analyses.
Using this methodology, the aim was to evaluate clinical
studies addressing the use and applicability of ML algorithms
in the diagnostic process of cardiac arrhythmias through the
automated interpretation of ECGs.

Results

The database search yielded a total of 119 results, including
38 from the Cochrane Library, 44 from Embase, none from
LILACS, and 37 from PubMed. After applying the exclusion
criteria, 98 publications were excluded for the following
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reasons: did not evaluate the detection of cardiac arrhythmias
(83), did not apply Al algorithms for arrhythmia detection (5),
addressed ongoing studies (3), were classified as other types
of scientific texts (3), focused on an experimental model (1),
described the diagnostic evaluation of arrhythmias using
methods other than ECG (1), lacked a full-text version (1),
and did not provide the full text in English or Portuguese (1).
Consequently, 13 publications were deemed eligible for full
and systematic review (Figure 1).

The 13 articles deemed eligible were included in the
qualitative synthesis (Table 1). The final search was conducted
on November 30, 2022. Regarding the countries of origin of
the included publications, they represented seven locations:
the United States (4), China (3), South Korea (2), Germany
(1), France (1), Taiwan (1), and Finland (1). In terms of study
design, the articles comprised prospective cohort studies (7),
retrospective cohort studies (2), case-control studies (2), and
randomized clinical trials (2). All studies had received approval
from the ethics committees of their respective institutions.

The analyzed articles focused on three subtopics of cardiac
arrhythmology: Long QT Syndrome (LQTS), corrected QT
interval (QTc), and atrial fibrillation (AF). In the study on LQTS,
the aim was to assess the ability of Al models to detect this
syndrome in individuals."" Regarding drug-induced arrhythmia,
the researchers sought to evaluate the prevalence of arrhythmia
through automated analysis of QTc in individuals undergoing
specific therapies.'”? AF, on the other hand, provided the
highest number of studies, which primarily aimed to assess
the accuracy,'>' feasibility,'>'® reliability,"*'> performance,'”
efficiency,'® safety,'® discriminative power,' sensitivity,
specificity, and precision® of the algorithms and associated
devices used to detect AF episodes. However, other studies
aimed to explain the decision-making process of ML models in
the diagnosis of arrhythmias.?’~** The sample sizes were highly
variable. All studies used patient samples or data collected from
medical institution databases associated with the research.

Analyzing the outcomes, most results were satisfactory and
aligned with the initial objectives. For models applicable to
Long QT Syndrome (LQTS), the proposed algorithm successfully
distinguished between the two populations under investigation:
individuals with LQTS and those without it."" Regarding
the detection of AF using Al-based algorithms, the articles
reported high rates of sensitivity, specificity, positive predictive
value (PPV), negative predictive value (NPV), accuracy,
and other performance metrics.”>?%% In the assessment of
arrhythmias induced by pharmacological therapy, there was
concordance between the QTc interval patterns derived
from conventional ECGs and wearable device ECGs." As for
explanatory algorithmic models for arrhythmia diagnostics, the
outcomes varied: one study showed a relatively moderate area
under the curve (AUC),?" while another demonstrated better
performance.?

Regarding the results and conclusions for diagnosing
LQTS using Al, the Al-based ECG surpassed the conventional
method in diagnostic distinction capabilities and was able to
differentiate genetic subtypes. For the diagnosis of AF using
Al, the algorithms, models, and devices demonstrated high
sensitivity in detecting AF within the last hour,'? higher sensitivity
and specificity compared to conventional management
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Other types of scientific texts (n = 3)
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Figure 1 - Flowchart of the Systematic Literature Review.

and other comparative algorithms,”'” and greater accuracy
in detection across different postures' and times." In the
context of monitoring drug-induced arrhythmias, there was
no variability between Al models and conventional ECGs."?
However, explanatory algorithmic models for arrhythmia
diagnostics yielded ambiguous results: one exhibited limitation
in detecting AF during sinus rhythm,?" whereas another
successfully correlated ECG trace characteristics with arrhythmia
diagnosis using Al.22 The outcomes, results, and conclusions are
summarized in Tables 1, 2 and 3.

Discussion

In this systematic review, the automated algorithms for
arrhythmia detection covered three major presentations:
Long QT Syndrome, other QT interval abnormalities, and AF.

Long QT syndrome

In Long QT Syndrome, the study analyzed in this review
was able to distinguish populations with an accuracy of 82.2%,
presenting a sensitivity of 83.7% (PPV 83.2%) and specificity
of 80.6% (NPV 81.3%). This highlights that the application
of Al algorithms in diagnosing this arrhythmia demonstrates

a satisfactory degree of accuracy, sensitivity, and specificity."
Regarding QT interval abnormalities, the study included in
this review showed concordance between the results obtained
from the conventional 12-lead ECG and the ECG with an Al
algorithm integrated into a wearable device equipped with
photoplethysmography (PPC) technology. Therefore, there was
minimal difference between the findings of the conventional
ECG and those suggested by the Al algorithm.?

Hermans et al.* previously researched morphological
characteristics that could support the diagnosis of LQTS and
other QT interval variations. These authors investigated the
aggregated values of morphological markers of the T-wave
at baseline and in an extended model. They concluded that
T-wave morphology has an added value in distinguishing
patients with LQTS from family members with a negative
genotype. This morphological characteristic can explain the
accuracy in the work of Bos et al."" Regarding QT interval
abnormalities, Prifti et al.? report ML models capable of
predicting patients prone to developing significant drug-
induced QT prolongation.

Corroborating the contributions of Simon et al.?® on
electrophysiological changes in the QT interval, interpretability
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Table 1 - Synthesis of Design, Results, and Conclusions - LQTS

Author, year, (ref. N°) BOS, 2021

Case-control study. Objective: Determine whether Al is capable of distinguishing patients with Long
QT Syndrome from patients with a normal QTc using 12-lead ECG. Sample: 2.984 patients previously

diagnosed with LQTS or discharged as healthy. Case-control diagnosis was performed using available

12-lead ECGs from 2.059 patients. Main outcome: Al was capable of distinguishing patients with LQTS,

Al was able to distinguish between the two populations (patients with LQTS and patients without LQTS).

Study design
persistent QT prolongation, and genetic differentiation.
IA model Deep Neural Network.
Results . ) L . e . . . .
Accuracy: 82.2%; sensitivity: 83.7%; specificity: 80.6%; PPV: 83.2%; and NPV: 81.3%.
Conclusion

The AI-ECG outperformed conventional ECG in distinguishing patients with LQTS from those discharged

without the diagnosis. Additionally, it could differentiate between three genetic subtypes of LQTS.

This analysis was conducted using a statistical significance level of 5% (p = 0.05). Al: artificial intelligence; ECG: electrocardiogram;

LQTS: Long QT Syndrome.

occurs through predictive accuracy. Interpretable methods
allow for a thorough inspection of the interactions that lead
to arrhythmias in this class, whether due to the expression
of a genetic alteration or specific drug interactions. This
interpretability is useful in preventing complications and
should be considered for integrating predictive modeling into
clinical decision-support tools.

Atrial fibrillation

Regarding the general detection of AF, characterized
by detecting AF events regardless of duration, the
individual’s position, or specific morphological factors of
the electrocardiographic trace, the studies showed a high
degree of accuracy, sensitivity, and specificity. Wasserlauf et
al.” and Erdong Chen et al.** demonstrated that their Al-
derived algorithms were effective in detecting AF events. In
the first case, the ECG sensor design was highly sensitive in
detecting generic episodes, while in the second case, it showed
satisfactory performance in short-term evaluation. Huang et
al.’” deepened their study design and found that the generic
Al algorithm was more accurate in detecting AF compared to
human diagnosis and the specific algorithm for detecting AF

In the detection of AF in different body positions and after
exercise, Fu et al."® highlighted high accuracy in detecting the
event in both supine and orthostatic positions, as well as after
performing aerobic exercise, with accuracy values ranging
from 96.4% to 98.2%. Regarding duration, Noseworthy et al."
and Li etal.” detected AF in diagnostic assessments lasting 30
seconds, 6 minutes, 24 hours, and up to 4 weeks.

One frontier of Al application in various fields is the
understanding of the results obtained. In the context of AF
detection, it is extremely important to detect morphological
factors that explain the algorithm’s output. To this end, Yang et
al.?" and Jo et al.?>* modeled and applied algorithms to isolate
key features of AF. Yang et al.?" attempted to quantify temporal
and spatial changes in the ECG tracing for AF detection;
however, the processing and feature extraction resulted in an
imprecise model. Jo et al.,?? on the other hand, demonstrated
amodel capable of accurately classifying the arrhythmia using
external validation data. In a subsequent study, they were
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able to show a model that surpassed the self-interpretation
of an ECG machine and identified the reasoning behind the
conclusion of the finding.?* Therefore, these latter authors
demonstrated success both in detecting the AF event and
in explaining the reasons for the result, with high sensitivity
(92.8%) and specificity (95%).2

The detection of AF via smartwatch device is a tool present
in the analyzed publications (4 of 13 publications). In the
comparison made by Wasserlauf et al."* between the invasive
cardiac monitor (ICM) and the smartwatch, high sensitivity
for detecting AF in the last hour and in the assessment of
the arrhythmic episode duration by the wearable device was
demonstrated. In contrast, the ICM showed a higher positive
predictive value for AF in episodes lasting longer than one
hour. Similarly, Chen et al.?* compared the performance
between the smartwatch and the 12-lead ECG. As a result,
they found good sensitivity (96.6%), specificity (98%), and
accuracy (97.5%) in the short-term AF detection by the device
equipped with the Al algorithm.

Viliaho et al." proposed a comparative study between the
detection of AF rhythm and sinus rhythm using smartwatches
integrated with two ML algorithm models. In AF detection,
they reported high sensitivity (91.7%; PPV: 97.5%), while in
detecting sinus rhythm, they reported significant sensitivity
(99.4%) and specificity (98.1%). The authors identified the
most recent-onset AF cases but stated considerable reliability
in detecting AF episodes regardless of their chronology, with
high sensitivity and specificity rates.

Drug-induced arrhythmias

Lastly, focusing on the detection of drug-induced
arrhythmias, Maille et al.’? compared QT interval data
obtained from smartwatches and 12-lead ECGs. In this study,
the authors highlighted that, despite variability in the corrected
QT (QTc) interval, there was reasonable agreement between
the outputs generated by the smartwatch’s Al and the reports
from conventional ECGs. Based on this finding, the authors
emphasized that patient monitoring through smartwatches
offers distinct advantages, including the ability to predict,
detect, and prevent potentially fatal arrhythmias.
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Table 2 - Synthesis of Design, Results, and Conclusions - Atrial Fibrillation
Author,
year, Design Al model Results Conclusion
(ref. n°)
Prospective cohort stud The results demonstrate
"Tosp Y that the wearable device
Objective: Compare the accuracy with the ECG sensor
of an atrial AF-sensitive device with the aoplication. and tr;e
simultaneous recording from a Of the 82 episodes detected by invesptip ative ai orithm
Wasserlauf wearable cardiac monitor. Sample: Al Deep the implantable cardiac monitor, is hi P?I sensi?ive for
training with 7.500 ECG data; cohort Neural the AF-sensitive device identified g_ y .
et al., 2019" detecting AF episodes
v validation with 26 patients. Main Network 80, achieving a sensitivity of - .

. : within the last hour in an
outcomes: The ECG sensor device 97.5% per episode. ambulatory booulation
demonstrated high sensitivity for and for asysgssp,)in AF
detecting AF within the last hour in : g

an ambulatory population duration when compared
y pop ' with an ICM.
Feasibility of the Al algorithm in
follow-up: 26.133 ECG records,
i i 0,
Randomized clinical trial. Objective: L Qetectlgn g O.f AF
e confirmed in manual review
To evaluate the feasibility and S 7
L . by cardiologists, 14.8% by
reliability of a self-applied ECG . Follow-up after
. L the automated AF detection . .
device and monitoring system for . ablation using the Al
. . : algorithm, and 13.2% by the .
detecting AF. Sample: 218 patients . . algorithm leads to more
. . . generic Al algorithm. The .
previously submitted to ablation, Al model detected more AF frequent detection of
Huang et al., randomized into two groups: Al recurrence in paroxvsmal AF AF recurrence. The Al
2021 BT group monitored by the Al Algorithm np _ y algorithm demonstrated
. . after ablation (p = 0.0099) .
algorithm and TF group monitored . ; _ improved accuracy of ECG
L . but not in persistent AF (p = b .
by traditional medical follow-up. e diagnosis and was more
; . - 0.7910). The sensitivity and . o
Main outcomes: The sensitivity and e . effective than traditional
e . specificity of the generic Al .
specificity of the Al algorithm were . . strategies.
higher than that of the automated AF I 1 L E AF
detection (94.4% and 98.5%) were higher
' than those of the automatic
detection algorithm (90.7% and
96.2%).
Prospective cohort study. Objective:
To evaluate the performance of a
wearable medical device employing
photoplethygmography techno]ogy The device detected AF episodes AF detection by a
to detect AF in hospitalized patients Deep . . I . .
Jacobsen et . ! ; in the dataset with a sensitivity ~ wearable medical device
al., 20207 with AF. Sample: 102 patients Neural ot 95.2% and specificity of s a feasible and reliable
v admitted to a German hospital with Network e 92 50/p y anoroach
documented AF. Main outcomes: o PP '
The device demonstrated better AF
detection capability than traditional
Holter monitoring.
Prospective cohort study. Objective: The method detected the
To assess the efficacy and safety occurrence of AF in the supine
of AF detection and provide a position with an accuracy of
reliable, non-invasive method for the 96.4%, sensitivity of 92.4%, The dynamic variable ECG
screening and management of AF specificity of 100%, PPV of can detect AF in heart
Fu et al g Y Al y
20211 N in daily practice. Sample size: 114 algorithm 100%, and NPV of 93.8%. The  rhythms across different
patients. Main outcomes: Wearable g detection of AF in the orthostatic postures and after

dynamic ECG with Al algorithm can

detect AF and analyze heart rhythms

in different postures and after
exercise.

position achieved an accuracy

of 98.2%, sensitivity of 100%,
specificity of 100%, PPV of
100%, and NPV of 96.8%.

EXercise.
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Non-randomized clinical trial. Objective:

To evaluate the discriminative power

of the Al model in adults. Assess the
Noseworthy effectiveness of the Al-guided AF Al
etal., 2022  screening strategy compared to usual  algorithm

care. Sample: 1.003 patients. Main
outcomes: The Al model detected AF
rhythms and duration.

Prospective cohort study. Objective:
Proposition of a feature-based ML
approach that provides explainable

results and can be trained on a feasibly

Yang et al., sized database. Sample: Digital data Ililzla ii::ze
2022% from 10- and 12-lead ECG recordings mo delg

from a Taiwanese hospital. Main
outcomes: The model was able to

isolate temporal and spatial features of
P waves and predict AF patterns.

Prospective cohort study. Objective:
Develop, implement, and validate

a photoplethysmography-based AF

detection algorithm for smartwatches Al
in patients diagnosed with AF. Sample:
204 participants. Main outcome: The
algorithm enabled passive detection of
AF based on photoplethysmography

using a wearable device.

Zhu et al.,

20221 algorithm

Retrospective study. Objective: To
develop and validate an explainable
deep learning model (XDM) based on
a neural network-backed decision tree Deep
(NBET) for arrhythmia classification. Learning
Sample: A set of 72.740 ECG records model
from 42.880 patients from a South
Korean hospital between 2017 and
2020.

Joetal.,
20217

Retrospective study. Objective:
Propose a method to construct an
explainable Al (XAl) model. Develop
and validate an explainable deep
learning model for detecting AF using
various ECG formats. Sample: 115.485
Joetal, ECGs for Al model development;
20213 12.914 ECGs for training; 99.965 for
external validation. Main outcomes:
The model outperformed the
machine’s self-interpretation of ECG in
all validation datasets. It also verified
the reason (P wave and irregularity)
for its conclusion.

Deep
Learning
model

Arq Bras Cardiol. 2025; 122(8):e20240843

Fifty-four patients were newly
diagnosed with AF lasting 30
seconds or more and stratified
into low and high-risk groups. A
similar pattern was observed in
groups with AF lasting 6 minutes
or more and 24 hours or more.
High risk was associated with a
higher AF burden (mean 4.97%
for low risk; mean 20.32% for
high risk).

The device is capable of
detecting AF at various
time points and stratifying
risk. The results support
a low-cost, massively
scalable, patient-centered
Al-guided screening
program.

The data show limited
power for the proposed
features in detecting
patients with AF during RS.
With feature processing

AF prediction using machine
learning P-wave extraction model:
the model achieved the highest

AUC (0.64). The model showed and extraction. it is
moderate specificity (0.71) but . L
low sensitivity (0.47). Possi e bu.' Wk o
identify potential AF, but the
model is still imprecise.

The algorithm detected AF in 148 The algorithm
out of 204 patients over 4 weeks.  demonstrated the feasibility
Sensitivity: 87.8%; specificity: of accurately detecting
97.4%; decision power (whether AF and non-invasively
sinus rhythm or indeterminate): estimating the burden of
67.8%. AF.

The F1 score of the external
validation of the XDM was:
NSR (Normal Sinus Rhythm):
0.990; AF or Atrial Flutter: 0.955;
Supraventricular Tachycardia:
0.777; Complete AV Block: 0.828; The model accurately
Pacemaker Rhythm: 0.671; classifies arrhythmias in
Aggregate accuracy: 0.844. AF various ECG formats using
and atrial flutter were strongly external validation datasets.
correlated with characteristics such
as the presence of the P wave
and irregularity, while complete AV
block showed a strong correlation
with AV dissociation.

The results indicated that

The Al model showed a sensitivity the XAl methodology
of 0.928, specificity of 0.950, could be used to describe
PPV of 0.615, NPV of 0.993, and the reasoning behind the
accuracy of 0.948 in detecting AF.  model's decision to detect
AF with high performance.
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Prospective cohort study. Objective:
Evaluate the sensitivity, specificity,
and precision of a smartwatch
with PPG and ECG that uses an Al
algorithm for AF detection. Sample:

401 patients between May and Al
June 2019. Main outcomes: The
sensitivity, specificity, and accuracy
of the wristband equipped with PPG,
ECG, and Al algorithms demonstrate
satisfactory performance in the
short term.

Chen et al.,
2020%

Case-control study. Objective:
Evaluate the accuracy of a
commercially available PPG
wristband in detecting individual
pulses in AF and assess the
reliability of two commonly used
AF detection algorithms based on Al
PPG. Sample: 213 total patients, 106
for the FA group and 107 for the
SR group (control). Main findings:
The wristband equipped with PPG,
using two AF detection algorithms,
was able to diagnose AF with high
sensitivity and specificity.

Viliaho et
al., 2019™

algorithm

algorithm

The device with PPG showed
the following results for AF
detection: sensitivity: 80.00%;
specificity: 96.81%; accuracy:
90.52%; PPV: 93.75%; and NPV:
89.01%.

The device provided good
sensitivity, specificity, and
accuracy in determining
the presence of AF.

The detection of AF by PPG
showed a sensitivity of 96.2%
and specificity of 98.1% with

the AF evidence algorithm
and a sensitivity of 95.3% and

specificity of 98.1% with COSEn.

Photoplethysmography
wristbands can help
detect asymptomatic or
“silent” cases of AF.

All analyses were conducted using a statistical significance level of 5% (p = 0.05). Al: artificial intelligence; ECG: electrocardiogram;
FA: atrial fibrillation; MCI: invasive heart monitor; VPP: positive predictive value; VPN: negative predictive value; XAl: explainable Al;

PPG: photoplethysmography; AV: atrioventricular.

Table 3 - Synthesis of Design, Results, and Conclusions - Drug-induced arrhythmia

Author, year, (ref. n°) Maille et al., 2021

Prospective cohort study. Objective: Compare the QTc calculated using this algorithm on single-lead
ECGs from a smartwatch with the QTc measured on conventional 12-lead ECGs in early-stage COVID-19

Study design

patients treated with the HCQ-AZM regimen. Sample: a total of 85 patients; 76 under medication

regimen. Main outcomes: In the measurements, there was agreement between the QTc interval standard
of the 12-lead ECG and the QTc measured in the corresponding SW-ECG.

IA model Convolutional neural network.

Results

Agreement between the standard 12-lead QTc interval measured manually in the lead Il or V5 on days 0,

6, and 10 and the Al-QTc measured in the corresponding SW-ECG.

Conclusion induced arrhythmia.

There is little significant difference between the Al and conventional ECG methods for diagnosing drug-

This analysis was conducted using a statistical significance level of 5% (p = 0.05). Al: artificial intelligence; ECG: electrocardiogram.

Given the diverse results obtained in this systematic review,
it is evident that Al-derived algorithms can detect multiple,
subtle, and nonlinear patterns in an ECG. Consistent with
the hypothesis previously confirmed by Attia et al.,” these
networks demonstrate greater sensitivity in detecting AF, even
in ECGs with normal sinus rhythm. The findings align with
those reported in the current medical literature, such as the
meta-analysis by Feeny et al.?® on the diagnosis of AF using an

Al-derived algorithm, which highlights high sensitivity (94%)
and specificity (96%) rates.

However, despite the diversity of findings in this systematic
review, there are methodological limitations in the indexing and
provision of results in the databases and the outcomes of the
listed literature data. The limitations related to the methodology
of this article are associated with the operationalization by a
single operator and the temporal space of research. Regarding
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the databases, the potential inadequate indexing of articles
may suppress results with positive inclusion criteria for the
review. Regarding the limitations of the studies listed in this
work, the sample universe and study designs are diverse and
heterogeneous, contributing to selection, confirmation, and
confusion biases resulting from predictions offered by the
machine that carry biases from its training model.

On the other hand, technologies, in general, can lead to
the exclusion of socially disadvantaged groups, preventing
them from accessing the functionalities offered. Despite the
high accuracy rate in detecting arrhythmias by wearable
mobile devices, these require connection to another device,
usually a smartphone, to maximize their usability and
functionality. On the other hand, these technologies allow
the monitoring of vulnerable populations and individuals
in remote regions who may face disparities in access to
medical care.?

Thus, as it is a rapidly expanding and specialized area,
data science applied to health requires multicenter studies
on the benefits, methodological limitations, and clinical and
social impacts of technologies in the diagnostic process. At
the same time, there is enormous scope for implementing
devices based on Al algorithms in the population for
screening, diagnosis, and subsequent early treatment of
potentially life-limiting or life-threatening arrhythmias.
Optimizing these processes is imperative from both a
medical and socioeconomic point of view, as they can
lead to reduced costs for hospitalizations and improved
quality of life. The applicability of technological resources
to the practice of evidence-based medicine through the
continuous provision of large-scale data to improve the
accuracy of electronic diagnostic devices, algorithms, and
professional conduct.

Conclusion

Based on the presented results, the application, validity,
and feasibility of ML models in diagnosing cardiac arrhythmias
represent a promising and rapidly advancing area. These
models have shown high accuracy, sensitivity, and specificity
in detecting cardiac rhythm abnormalities, particularly AF.
However, their generalizability to other populations remains a
limitation, as does the potential for biases introduced by trends
in the training datasets. Additionally, the lack of comparative
studies assessing the performance of human intelligence
versus Al presents challenges to fully validating algorithmic
methods as reliable tools in routine medical practice. Thus, as
this specialized field continues to expand, multicenter studies
are essential to assess the benefits, methodological constraints,
and clinical and societal impacts of these technologies in the
diagnostic process.

References

1. World Health Organization. Cardiovascular Diseases (CVDs). Geneva:
World Health Organization; 2021.

2. Tse G. Mechanisms of Cardiac Arrhythmias. ] Arrhythm. 2016;32(2):75-81.
doi: 10.1016/j.joa.2015.11.003.

Arq Bras Cardiol. 2025; 122(8):e20240843

Acknowledgments

Dr. Alex Cleber Improta-Caria is a recipient of a
postdoctoral fellowship funded by the Sdo Paulo Research
Foundation (FAPESP), Brazil. Process Number #2022/02339-
4; #2024/17783-2.

Author Contributions

Conception and design of the research: Nascimento PCG,
Aras Junior R; Acquisition of data, Analysis and interpretation
of the data, Statistical analysis, Obtaining financing and Writing
of the manuscript: Nascimento PCG; Critical revision of
the manuscript for content: Nascimento PCG, Martins MS,
Improta-Caria AC, Aras Junior R.

Potential conflict of interest

No potential conflict of interest relevant to this article was
reported.

Sources of funding

There were no external funding sources for this study.

Study association

This study is not associated with any thesis or dissertation
work.

Ethics approval and consent to participate

This article does not contain any studies with human
participants or animals performed by any of the authors.

Use of Artificial Intelligence

During the preparation of this work, the author(s)
used ChatGPT. The study was not generated by artificial
intelligence, it was generated by the first author (Paulo
Cainan), this same author developed and wrote the entire
text of the article in Portuguese. Paulo analyzed and
interpreted the data and wrote it in Portuguese. When the
article was finalized and revised, all written in Portuguese,
we used chatGPT only for translation from Portuguese to
English. After using this tool/service, the author(s) reviewed
and edited the content as needed and take full responsibility
for the content of the published article.

Data Availability

The underlying content of the research text is contained
within the manuscript.

3. Jha CK. Automated Cardiac Arrhythmia Detection Techniques:
A Comprehensive Review for Prospective Approach.
Comput Methods Biomech Biomed Engin. 2024:1-16. doi:
10.1080/10255842.2024.2332942.



Nascimento et al.
Machine Learning and Electrocardiogram Interpretation

Original Article

Pereira TMC, Sebastiao R, Conceicao RC, Sencadas V. A Review on
Intelligent Systems for ECG Analysis: From Flexible Sensing Technology to
Machine Learning. IEEE ] Biomed Health Inform. 2025;29(5):3398-413.
doi: 10.1109/JBHI1.2024.3508545.

HoffmannJ, Mahmood S, Fogou PS, George N, Raha S, Safi S. A Survey on
Machine Learning Approaches to ECG Processing. Poznan: IEEE; 2020.
doi: 10.23919/SPA50552.2020.9241283.

Dorado-Diaz Pl, Sampedro-Gémez J, Vicente-Palacios V, Sdnchez
PL. Applications of Artificial Intelligence in Cardiology. The Future is
Already Here. Rev Esp Cardiol. 2019;72(12):1065-75. doi: 10.1016/j.
rec.2019.05.014.

Shinde PP, Shah S. A Review of Machine Learning and Deep Learning
Applications. Pune: IEEE; 2018. doi: 10.1109/ICCUBEA.2018.8697857.

Lopez-Jimenez F, Attia Z, Arruda-Olson AM, Carter R, Chareonthaitawee P,
Jouni H, etal. Artificial Intelligence in Cardiology: Presentand Future. Mayo
Clin Proc. 2020;95(5):1015-39. doi: 10.1016/j.mayocp.2020.01.038.

Shameer K, Johnson KW, Glicksberg BS, Dudley JT, Sengupta PP.
Machine Learning in Cardiovascular Medicine: Are We There Yet? Heart.
2018;104(14):1156-64. doi: 10.1136/heartjnl-2017-311198.

. Moher D, Liberati A, Tetzlaff J, Altman DG; PRISMA Group. Preferred

Reporting Items for Systematic Reviews and Meta-Analyses: The PRISMA
Statement. Int) Surg. 2010;8(5):336-41. doi: 10.1016/j.ijsu.2010.02.007.

. BosJM, Attia ZI, Albert DE, Noseworthy PA, Friedman PA, Ackerman M).

Use of Artificial Intelligence and Deep Neural Networks in Evaluation of
Patients with Electrocardiographically Concealed Long QT Syndrome From
the Surface 12-Lead Electrocardiogram. JAMA Cardiol. 2021;6(5):532-8.
doi: 10.1001/jamacardio.2020.7422.

. Maille B, Wilkin M, Million M, Rességuier N, Franceschi F, Koutbi-

Franceschi L, et al. Smartwatch Electrocardiogram and Artificial
Intelligence for Assessing Cardiac-Rhythm Safety of Drug Therapy in the
COVID-19 Pandemic. The QT-logs study. Int ] Cardiol. 2021;331:333-9.
doi: 10.1016/j.ijcard.2021.01.002.

. Wasserlauf ], You C, Patel R, Valys A, Albert D, Passman R. Smartwatch

Performance for the Detection and Quantification of Atrial Fibrillation.
Circ Arrhythm Electrophysiol. 2019;12(6):e006834. doi: 10.1161/
CIRCEPR118.006834.

. Valiaho ES, Kuoppa P, Lipponen JA, Martikainen T}, Jantti H, Rissanen TT,

etal. Wrist Band Photoplethysmography in Detection of Individual Pulses
in Atrial Fibrillation and Algorithm-Based Detection of Atrial Fibrillation.
Europace. 2019;21(7):1031-8. doi: 10.1093/europace/euz060.

. Huangs, Zhao T, Liu C, Qin A, Dong S, Yuan B, et al. Portable Device

Improves the Detection of Atrial Fibrillation after Ablation. Int Heart J.
2021;62(4):786-91. doi: 10.1 536/ihj21 -067.

. Zhu L, Nathan V, Kuang J, Kim J, Avram R, Olgin J, et al. Atrial Fibrillation

Detection and Atrial Fibrillation Burden Estimation via Wearables.
IEEE ) Biomed Health Inform. 2022;26(5):2063-74. doi: 10.1109/
JBHI.2021.3131984.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

Jacobsen M, Dembek TA, Ziakos AP Gholamipoor R, Kobbe G, Kollmann M,
etal. Reliable Detection of Atrial Fibrillation with a Medical Wearable during
Inpatient Conditions. Sensors. 2020;20(19):5517. doi: 10.3390/s20195517.

Fu W, Li R. Diagnostic Performance of a Wearing Dynamic ECG Recorder
for Atrial Fibrillation Screening: The HUAMI Heart Study. BMC Cardiovasc
Disord. 2021;21(1):558. doi: 10.1186/s12872-021-02363-1.

Noseworthy PA, Attia ZI, Behnken EM, Giblon RE, Bews KA, Liu S, et
al. Artificial Intelligence-Guided Screening for Atrial Fibrillation Using
Electrocardiogram during Sinus Rhythm: A Prospective Non-Randomised
Interventional Trial. Lancet. 2022;400(10359):1206-12. doi: 10.1016/
S0140-6736(22)01637-3.

Chen E, JiangJ, SuR, 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(5 Pt B):847-53. doi: 10.1016/j.
hrthm.2020.01.034.

Yang HW, Hsiao CY, Peng YQ, Lin TY, Tsai LW, Lin C, et al. Identification of
Patients with Potential Atrial Fibrillation during Sinus Rhythm Using Isolated
P Wave Characteristics from 12-Lead ECGs. ) Pers Med. 2022;12(10):1608.
doi: 10.3390/jpm12101608.

Jo YY, Kwon JM, Jeon KH, Cho YH, Shin JH, Lee Y), et al. Detection and
Classification of Arrhythmia Using an Explainable Deep Learning Model. J
Electrocardiol. 2021;67:124-32. doi: 10.1016/j.jelectrocard.2021.06.006.

JoYY, ChoY, Lee SY, Kwon JM, Kim KH, Jeon KH, et al. Explainable Artificial
Intelligence to Detect Atrial Fibrillation Using Electrocardiogram. Int
Cardiol. 2021;328:104-10. doi: 10.1016/j.ijcard.2020.11.053.

Hermans BJM, Stoks J, Bennis FC, Vink AS, Garde A, Wilde AAM, et al.
Support Vector Machine-Based Assessment of the T-Wave Morphology
Improves Long QT Syndrome Diagnosis. Europace. 2018;20(Suppl 3):113-
9. doi: 10.1093/europace/euy243.

Prifti E, Fall A, Davogustto G, Pulini A, Denjoy I, Funck-Brentano C, et al.
Deep Learning Analysis of Electrocardiogram for Risk Prediction of Drug-
Induced Arrhythmias and Diagnosis of Long QT Syndrome. Eur Heart J.
2021;42(38):3948-61. doi: 10.1093/eurheartj/ehab588.

Simon ST, Trinkley KE, Malone DC, Rosenberg MA. Interpretable Machine
Learning Prediction of Drug-Induced QT Prolongation: Electronic
Health Record Analysis. ] Med Internet Res. 2022;24(12):e42163. doi:
10.2196/42163.

Attia ZI, Harmon DM, Behr ER, Friedman PA. Application of Artificial
Intelligence to the Electrocardiogram. Eur Heart ). 2021;42(46):4717-30.
doi: 10.1093/eurheartj/ehab649.

Feeny AK, Chung MK, Madabhushi A, Attia ZI, Cikes M, Firouznia M, et al.
Artificial Intelligence and Machine Learning in Arrhythmias and Cardiac
Electrophysiology. Circ Arrhythm Electrophysiol. 2020;13(8):e007952. doi:
10.1161/CIRCER119.007952.

Garikapati K, Turnbull S, Bennett RG, Campbell TG, Kanawati J, Wong
MS, et al. The Role of Contemporary Wearable and Handheld Devices in
the Diagnosis and Management of Cardiac Arrhythmias. Heart Lung Circ.
2022;31(11):1432-49. doi: 10.1016/j.hlc.2022.08.001.

This is an open-access article distributed under the terms of the Creative Commons Attribution License

Arq Bras Cardiol. 2025; 122(8):e20240843


https://creativecommons.org/licenses/by/4.0/

