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Abstract

Introduction and purpose

Developments in medical and information technology are leading to improvements in the
quality of medical care. This paper aims to show how the development of artificial
intelligence can affect more effective interpretation of ECG, thus contributing to greater
efficiency for clinicians, and to describe the limitations and potential for further development
of artificial intelligence in ECG interpretation.
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Material and methods

A review paper using articles describing the application of artificial intelligence in ECG
interpretation from 1997 to 2024. The search terms used to find publications were “artificial
intelligence”, “ecg”, “deep learning”, “machine learning”, “neural networks”, “arrhythmia”,
“left ventricular dysfunction” and “cardiomyopathy” using the Pubmed and Google Scholar
databases.

Results

The present work has shown that artificial intelligence can be applied in the interpretation of
ECGs for the following heart-related conditions: left ventricular dysfunction, atrial and
ventricular arrhythmias, prediction of cardiovascular events, cardiomyopathy, valvular defect,
monitoring of sleep quality, diagnosis of severe depression, presence of myocardial infarction,
detection of the risk of transient myocardial ischemia, diagnosis of chronic maternal and fetal
stress, and even determination of the age and sex of the subject. The biggest limitations of
artificial intelligence are the need to verify the diagnosis made by the algorithm in order to
detect possible errors. In addition, the use of personal data to train an artificial intelligence
algorithm to diagnose specific medical conditions can be controversial, which can interfere
with data protection rules. These data may contribute to a better understanding of artificial
intelligence in ECG interpretation and its wider use in daily medical care practice.

Keywords: “Artificial Intelligence”, “Deep Learning”, “Machine Learning”,
“Electrocardiography”, “Arrhythmias, Cardiac”.

1. Introduction

Correct interpretation of the ECG is essential for making correct clinical decisions and
avoiding medical errors. Artificial intelligence can be used as a tool to facilitate the work of
medical personnel and possible early detection of abnormalities. It can be used to obtain the
following information through ECG analysis: left ventricular dysfunction [1-2, 12-14], atrial
and ventricular arrhythmias [15-22], prediction of cardiovascular events [23], cardiomyopathy
[27-28], valve defects [29-30], monitoring of sleep quality [31], diagnosis of severe
depression [32], presence of myocardial infarction [3], detection of the risk of transient
myocardial ischemia [4], in the diagnosis of chronic maternal and fetal stress [7], and even
determination of the age and sex of the subject [8].

Various branches of artificial intelligence can be applied to ecg analysis, including machine
learning [1], deep learning [2] and neural networks [3]. Neural networks use artificial neurons
that form networks similar to the operation of the human brain. Machine learning is based on
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the principle of looking for similarities in a large database and using them to recognize and
predict specific parameters. Deep learning is a subset of machine learning and is characterized
by the use of deep neural networks with multiple levels. This paper aims to present the
potential benefits and drawbacks of using artificial intelligence in ECG analysis.

2. Purpose of the paper

The purpose of this paper is to present current applications of artificial intelligence in ECG
interpretation.

3. A description of the state of the art

Artificial Intelligence

Artificial intelligence is defined as the ability of machines to learn and use that knowledge to
perform a designated task, as well as creativity and planning. The term was introduced in
1956 by John McCarthy, and one of the earliest examples of its application in medicine was
the MYCIN program, which was designed to assist doctors in identifying bacterial infections
and suggest appropriate treatments [9].

In medicine, artificial intelligence has found many examples of application. One of them may
be its use in the Da Vinci robot, which is used for patients in gastric cancer surgeries, among
other things [10]. It is also being used in mammography, where researchers have shown
effectiveness in interpreting a reading at a comparable level to a standard double reading [11].
These examples show that artificial intelligence has versatile applications in medicine.

Cardiology is a field where artificial intelligence can find many applications. It can be used in
the interpretation of echocardiography [12], computed tomography [13], and
electrocardiography [14]. In ecg equipment, it analyzes basic parameters and interprets
cardiac abnormalities.

Machine learning

Machine learning is a subset of artificial intelligence and is characterized by the fact that it
uses decision tree, linear regression or neural network algorithms to analyze data for
classification purposes such as identifying the source of ventricular arrhythmias [11] or event
prediction such as cardiovascular event prediction [17]. Because machine learning can be
based on a variety of algorithms, it can have versatile applications.

Deep learning

Deep learning is a subset of machine learning. It uses deep neural networks as an algorithm to
classify data and predict events.
Neural networks are algorithms that use data sets. Neural networks can be divided into:
superficial neural network and deep neural network, which is used in deep learning, thus
enabling artificial intelligence to solve complex tasks such as prediction of atrial fibrillation or
left ventricular dysfunction and remodeling [5,6].

Artificial Intelligence in LV dysfunction
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Machine learning as well as deep learning can be applied to predict left ventricular
dysfunction based on ECG and clinical data, thus speeding up diagnosis and reducing the
potential cost of testing. [1]. In a study by Nobuyuki Kagiyama published in 2020, a machine
learning regression model was used to determine the effectiveness of artificial intelligence in
estimating myocardial relaxation from ECG results, thereby detecting possible left ventricular
dysfunction. Clinical data from 1202 patients were included in the analysis, and it was shown
that artificial intelligence was able to predict the dimensions of left ventricular relaxation
obtained by echocardiography with a mean absolute error of 1.46 and 1.96 cm/sec. These
results indicate that artificial intelligence can be used to predict left ventricular dysfunction.

A study conducted by Jin-Yu Sun and published in the Journal of Cardiovascular
Electrophysiology in 2021 also demonstrated the effectiveness of artificial intelligence in
detecting left ventricular dysfunction using ECG analysis. The research group used a
convolutional neural network approach to interpret 12-lead ECG and transthoracic
echocardiogram along with left ventricular ejection fraction. The study analyzed 26,786
ECGs and echocardiograms and showed an accuracy of 73.19% for ECG-mediated prediction
of left ventricular dysfunction, a sensitivity of 69.2%, a specificity of 70.5%, a positive
predictive value of 70.1% and a negative predictive value of 69.9% [2]. These data indicate
that the use of AI can be used as a low-cost screening test for early detection of left
ventricular dysfunction, and thus for faster introduction of appropriate treatment and
reduction of the risk of possible complications.

Zachi Attia and his research team, in a paper published in the journal Nature, demonstrated
the effectiveness of artificial intelligence in identifying asymptomatic left ventricular
dysfunction. The analysis included 97,829 ECGs, while the test group included the ECGs of
52,870 patients, yielding the following results: AUC = 0.93, specificity = 86.3%, sensitivity =
85.7% and accuracy = 85.7% [15]. This information indicates the applicability of artificial
intelligence in the screening of left ventricular dysfunction.

Artificial intelligence also has applications in screening diagnosis of low ejection fraction. A
2021 publication by Xiaoxi Yao describes the use of deep learning in ECG analysis of 22,641
patients to identify low ejection fraction. The results indicate that the use of artificial
intelligence increases the detection of this condition.When artificial intelligence was used, the
detection rate of low ejection fraction was 2.1%, and in the control group, without the use of
artificial intelligence, the detection rate was 1.6% [16]. This information indicates that ECGs
can be analyzed with the help of artificial intelligence for early detection of low ejection
fraction and thus earlier referral of the patient for transthoracic echocardiography to confirm
left ventricular dysfunction. Another study performed by David Rushlow published 2022 also
demonstrated the effectiveness of artificial intelligence in detecting low ejection fraction.It
was also shown that clinicians with less complex patients tended to rely more heavily on the
ECG analysis performed by artificial intelligence, compared to clinicians caring for more
complex patients. ECGs from 11,573 patients were used for the analysis, and highly adaptive
clinicians were twice as effective at detecting low ejection fraction based on artificial
intelligence analysis compared to low-adaptive clinicians [17]. The above information
suggests that these findings may contribute to more effective first medical care

AI in atrial and ventricular arrhythmia
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Artificial intelligence may have applications in detecting atrial and ventricular arrhythmias. A
study led by Dr. Masafumi Shimojo and reported in the journal 2023 successfully applied
machine learning using a decision tree algorithm designed by the research team using ECG
measurements to distinguish the left ventricular outflow tract from the right ventricular
outflow tract as the source of ventricular arrhythmia. It was shown to have an efficiency of
94.4%, precision of 91.5%, sensitivity of 100% and an F1 index of 0.96 [18]. This
information can contribute to the use of artificial intelligence algorithms to identify the source
of ventricular arrhythmia and thus effectively perform ablation or apply appropriate drug
treatment.

Artificial intelligence is also effective in detecting asymptomatic atrial fibrillation. A study
conducted by Henri Gruwez and published in the journal JACC Clin Electrophysiol in 2023
demonstrated the effectiveness of artificial intelligence in detecting atrial fibrillation. The
research group used a deep learning method to identify atrial fibrillation in asymptomatic
patients. The study analyzed 494,042 ECGs belonging to 142,310 patients and showed an
accuracy rate of 78.1% [19]. These data indicate that the use of artificial intelligence may help
to increase the detection of asymptomatic AF, and with this, the introduction of appropriate
treatment more quickly and reduce the risk of potential complications. Dr. Peter Noseworthy
and his research team have shown that the use of artificial intelligence in ECG interpretation
is associated with increased detection of atrial fibrillation. When artificial intelligence was
used to analyze ECGs in patients at high risk of stroke, the detection rate of atrial fibrillation
oscillated at 10.6% while in the low-risk group it was 2.4%, and for standard management in
the high-risk group the values were in the range of 3.6% and in the low-risk group 0.9% [20].
These results show that artificial intelligence can significantly contribute to reducing the
number of undiagnosed patients.
A similar study by Hongmin Wu describes the use of a convolutional neural network in
detecting atrial fibrillation in sinus rhythm showing the following results: AUC = 0.82,
sensitivity = 79.5%, specificity = 77.8% and precision = 78.2% and overall accuracy of 78.6%
using 234 ECGs in an internal test set. An external test set consisting of 440 ECGs yielded
similar results [21].

ECG analysis using artificial intelligence can be used in patients as a low-cost screening test.
Nathan Hill's work has demonstrated the effectiveness of machine learning in identifying
atrial fibrillation in high-risk patients. This information can be used to use artificial
intelligence in AF screening and possibly reduce costs compared to traditional medical care
[22].

Artificial intelligence can be effective in analyzing the rhythm from a portable ecg device,
which can contribute to effective detection of paroxysmal atrial fibrillation and early initiation
of treatment. A 2021 paper by Wenxia Fu and Ruogu Li described the use of a wrist-worn
portable ECG device. Data from this device was uploaded to the Amazfit CardiDoc mobile
app and analyzed by artificial intelligence. The ECGs of 114 users were analyzed, of which
53 patients were diagnosed with atrial fibrillation and 61 patients with sinus rhythm. In the
supine position of the monitored patients, the accuracy of the test was 94.74%, sensitivity
88.68% and specificity 100%, and in the standing position 97.37%, 94.34% and 100%,
respectively, results similar to those in the standing position were achieved after exercise [23].
These results suggest that the use of portable ECG devices with analysis performed by
artificial intelligence can be effectively used to diagnose atrial fibrillation.
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Artificial intelligence can also be used to analyze a patient's ECG after ablation on portable
ECG devices to detect possible arrhythmias. Patients may experience asymptomatic
arrhythmias after ablation. For this reason, Songqun Huang published a paper in 2021 on the
use of a portable ECG monitor in patients after ablation. The 218 patients studied were
divided into two groups. One group used the traditional procedure in monitoring patients after
ablation, while the other group collected ECGs from patients via the BigThumb monitor and
applied analysis with the help of artificial intelligence, an automated algorithm to detect atrial
fibrillation and manually by cardiologists. In the group with BigThumb monitoring, no atrial
fibrillation was detected in 64.2% of patients, and in the group with traditional management in
78.9% of patients. In the BigThumb group, 26133 ECGs were performed, of which 3299 were
recorded as atrial fibrillation. The specificity of the test using artificial intelligence was 98.5%
and the sensitivity was 94.4%, while using an automated algorithm to detect atrial fibrillation,
the specificity was 96.2% and the sensitivity was 90.7% [24]. These results indicate the
superiority of artificial intelligence in detecting atrial fibrillation over the automatic atrial
fibrillation detection algorithm. The use of artificial intelligence to analyze ECGs in patients
after ablation may contribute to better detection of AF and faster introduction of appropriate
treatment and prevention of possible complications.

Artificial intelligence can be used to predict refractory ventricular fibrillation. Jason Coult
conducted a cohort study of out-of-hospital cardiac arrest in patients with ventricular
fibrillation using machine learning. Artificial intelligence analyzing a three-second ECG
recording immediately before and one minute after the first shock was designed to predict
treatment-resistant ventricular fibrillation. The following results were obtained: AUC = 0.85,
specificity = 91%, sensitivity = 63% and positive likelihood factor = 6.7 [25]. This
information indicates the effectiveness of machine learning in predicting refractory
ventricular fibrillation, which can be used to implement appropriate therapy more quickly.

Use of artificial intelligence as a tool for detecting cardiovascular events

Patient monitoring is particularly important in patients with long-standing atherosclerosis.
Machine learning can be used to predict cardiovascular events in these patients, which could
help reduce mortality from the condition. A Bharath Ambale-Venkatesh research team using
machine learning has demonstrated that artificial intelligence can improve the accuracy of
cardiovascular event prediction in asymptomatic individuals compared to the traditional
cardiovascular event prediction model. Using clinical data obtained from 6814 participants
between the ages of 45 and 84, the researchers demonstrated using artificial intelligence an
increased risk of tachyarrhythmias in people with a prolonged QT interval or left ventricular
hypertrophy visible on the ECG. These were among the parameters most significant in the
prediction of heart failure [26]. This information may contribute to the use of machine
learning in the prediction of cardiovascular events in asymptomatic patients.

Artificial intelligence in detecting cardiomyopathies

Artificial intelligence may also have applications in detecting cardiomyopathies. Detecting
these defects in pregnant or postpartum women could be of particular importance, as it could
reduce possible pregnancy failure as well as mortality in the event of an adverse event. One
study conducted by Demilade Adedinsewo showed that artificial intelligence can be
effectively used in detecting left ventricular heart defects via ECG and digital stethoscope in
peripartum women. The study was conducted with 1,232 women from Nigeria, who were
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divided into two study groups. The intervention group used a digital stethoscope, 12-lead
ECG, prediction of sex and age via artificial intelligence, prediction of left ventricular
dysfunction made by artificial intelligence and an echocardiogram to confirm the prediction
of left ventricular dysfunction made by artificial intelligence. The control trial used a 12-lead
ECG, standard patient care, and artificial intelligence prediction of age and sex. When the 12-
lead ECG alone was used, 20 left ventricular systolic dysfunctions were detected in the
intervention trial and 12 in the control trial. When the digital stethoscope was used, 24 left
ventricular dysfunctions were detected in the intervention trial and 12 in the control trial [27].
These results indicate the feasibility of using a digital stethoscope to more accurately diagnose
left ventricular function, but also demonstrate the effectiveness of artificial intelligence in
analyzing ECGs and results obtained from a digital stethoscope.

Artificial intelligence can also be used in the diagnosis of hypertrophic cardiomyopathy. A
2020 study by Wei-Yin Ko showed that deep learning diagnoses hypertrophic
cardiomyopathy from a 12-lead ECG with high accuracy. The study included 2448 patients
with verified cardiomyopathy and 51153 without. The area under the curve (AUC) was 0.96,
specificity was 90%, and sensitivity was 87%. [28]. These results indicate the feasibility of
using artificial intelligence in ECG interpretation for the screening diagnosis of hypertrophic
cardiomyopathy.

Heart valve defects

Deep learning may be applicable to patients for ECG-mediated screening diagnosis of aortic
valve stenosis. A study published in the European Heart Journal in 2021 by Michal Cohen-
Shelly describes the use of convolutional neural networks identifying moderate to severe
aortic valve stenosis. By analyzing 102,926 ECGs of patients in the test group, 3833 patients
were diagnosed with aortic valve stenosis by artificial intelligence. The area under the curve
(AUC) was 0.85, with a sensitivity of 78%, specificity of 74%, and accuracy of 74% [29].

The Gal Tsaban study demonstrated the effectiveness of artificial intelligence in detecting
aortic stenosis, aortic regurgitation and mitral regurgitation. The study included 77,163
patients, with data from 21,048 patients used in a test group analyzed using deep learning.
The performance of the model, defined as the area under the receiver-operating characteristic,
was 0.84, sensitivity = 78%, and specificity = 73% [30]. This information can be used for the
possible introduction of artificial intelligence in ECG interpretation toward early detection of
aortic stenosis, aortic and mitral valve regurgitation.

Others usage

Artificial intelligence has also found applications in monitoring emotional state via ECG. In
Pritam Sarkar's 2021 study, deep learning was used to identify emotional state, which can be
used to diagnose chronic stress in the mother and fetus. The study used maternal abdominal
ecg containing maternal and fetal ECGs, which were analyzed by deep learning. The results
were as follows AUROC = 0.982 ± 0.002, individual psychological test score R2=0.943 ±
0.009 FSI at 34 weeks of pregnancy R2=0.946 ± 0.013, maternal hair cortisol 0.931 ± 0.006
[7]. This information indicates the possibility of using deep learning in ECG analysis to
determine emotional state. This offers the possibility of low-cost, non-invasive monitoring of
fetal status during pregnancy.
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Artificial intelligence may have applications in age and sex prediction. A study by Zachi Attia
published in 2019 used deep learning trained on 499,727 patients to predict sex and age. The
model was applied to 275,056 patients and showed an accuracy of 90.4% for gender detection
with an AUC of 0.97. For age, the average error was 6.9 ± 5.7 years. These results indicate
the effectiveness of artificial intelligence in gender classification and age estimation [8].

Assessment of sleep efficiency can be interpreted using actigraphy and ECG analyzed by
artificial intelligence. In the Md study, Aktaruzzaman used machine learning to assess heart
rate variability and chest and wrist actigraphy to classify sleep and wakefulness. He showed
an accuracy of 78% when using ECG and chest actigraphy data interpreted by artificial
intelligence, and 77% for wrist actigraphy and ECG [31]. This information indicates the
potential of artificial intelligence in home sleep monitoring.

Artificial intelligence may have applications in the diagnosis of severe depression. Sangwon
Byun using machine learning and data obtained from ECG based on linear and non-linear
heart rate conducted a study to verify the effectiveness of artificial intelligence in diagnosing
major depressive disorder. After analysis, he showed accuracy = 74.4%, sensitivity = 73%
and specificity = 75.6% [32]. These results indicate the effectiveness of artificial intelligence
in diagnosing major depression.

Disadvantages of using Artificial Intelligence

The use of artificial intelligence as demonstrated in the article can bring many benefits,
however, potential drawbacks and risks should also be noted.
One must take into account the potential diagnostic errors made by artificial intelligence in
interpreting ECGs. For this reason, any diagnosis made by artificial intelligence should be
carefully checked by the physician caring for the patient in question. Different factors such as
artifacts, conduction abnormalities or gender- and age-dependent variances in ECG
morphology can contribute to an incorrect analysis of an ECG by artificial intelligence. In
addition, the artificial intelligence algorithm must be trained on a large database, which may
raise controversies relating to data protection rules.

4. Summary

Artificial intelligence, machine learning, deep learning and neural networks can be
comprehensively used in medicine. The present work has shown that they can be used in the
analysis of ECG such conditions as: left ventricular dysfunction [1-2, 12-14], atrial and
ventricular arrhythmias [15-22], prediction of cardiovascular events [23], cardiomyopathy
[27-28], valve defects [29-30], monitoring of sleep quality [31], diagnosis of severe
depression [32], the presence of myocardial infarction [3], detecting the risk of transient
myocardial ischemia [4], in the diagnosis of chronic maternal and fetal stress [7], and even
determining the age and sex of the subject [8]. The introduction of artificial intelligence in
ECG analysis could help increase the detection of these conditions. The drawbacks of
artificial intelligence are the percentage of errors in the diagnosis of cardiac abnormalities
caused by the presence of artifacts, conduction abnormalities or gender- and age-dependent
variances in ECG morphology. There may also be controversy over the use of personal data to
train the algorithm to correctly diagnose medical conditions, which may conflict with data
protection rules. The potential development of artificial intelligence in ecg interpretation is to
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use it on a large scale in screening, in ambulatory medical care, and to improve the accuracy
of diagnoses made by artificial intelligence.
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