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Cardiovascular system and its functions under both physiological and pathophysiological
conditions have been studied for centuries. One of the most important steps in the
cardiovascular research was the possibility to record cardiac electrical activity. Since then,
numerous modifications and improvements have been introduced; however, an
electrocardiogram still represents a golden standard in this field. This paper overviews
possibilities of ECG recordings in research and clinical practice, deals with advantages and
disadvantages of various approaches, and summarizes possibilities of advanced data
analysis. Special emphasis is given to state-of-the-art deep learning techniques intensely
expanded in a wide range of clinical applications and offering promising prospects in
experimental branches. Since, according to the World Health Organization, cardiovascular
diseases are the main cause of death worldwide, studying electrical activity of the heart is
still of high importance for both experimental and clinical cardiology.

Keywords: electrocardiogram, ECG recording, animal model, deep learning, ECG analysis, artificial intelligence,
isolated heart, arrhythmia classification

1 INTRODUCTION

Cardiovascular disorders are the major cause of death in developed countries. Due to the change of
lifestyle, their incidence increases recently also in countries where cardiovascular morbidity and
consequent mortality have not been considered a problem until now. Enormous economic and social
burden of such situation promotes further research of both physiological and pathophysiological
cardiovascular processes.

Cardiac action starts with electrical event—membrane depolarization—which is then followed by
a mechanical response, e.g., cardiac muscle contraction. After this event, called systole, the cardiac
cycle continues with diastole (membrane repolarization and consequent muscle relaxation).
Obtaining quite detailed information about electrical activity of the heart seems to be technically
easier than obtaining comparably detailed information about mechanical events.

The first attempts to study electrical processes related to cardiac action were performed already in
the 19th century (AlGhatrif and Lindsay, 2012), based on the experience with recording electrical
current from skeletal muscles even a century earlier. The first successful recording of electrical
activity of human heart was achieved in 1887 by the British physician and physiologist Augustus
Waller (Besterman and Creese, 1979). His contribution to this area is so important that it is rather
unfair that his name is not mentioned together with the so-called father of electrocardiography,
Dutch physiologist and physician Willem Einthoven. Einthoven, a Nobel Prize winner in 1924, is
highly recognized since he standardized the whole method: he introduced the term
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“electrocardiogram” (ECG), reported a typical ECG of a healthy
man with five deflections labeled P, Q, R, S, and T, and, last but
not least, built a sort of the first ECG recorder based on a string
galvanometer. Soon after the first clinically relevant attempts to
record the human ECG curve, the method was used by other
researchers who improved the recording possibilities and thus
opened a new medical field—cardiology. Worth mentioning are
especially Wilson and Goldberger, who introduced the central
terminal thus enabled to record unipolar leads and their

augmented  version. All other research in  heart
electrophysiology proceeded from these key steps.
Concurrently to above-described milestones of ECG

development and its establishment into routine clinical use,
researchers were interested in electrical changes accompanying
the heart activity other than whole-body models. The
fundamental approach in this area is the isolated heart model.
First, successful isolation and perfusion of frog heart were
achieved by Elias Cyon and Carl Ludwig (Zimmer, 1998).
Then, a model of isolated perfused mammalian heart was
introduced by H. Newell Martin and Oscar Langendorff. The
latter invented and published in 1895 a perfusion setup which is
suitable for all hearts with a coronary system. Nutrition is
supplied to the heart muscle by perfusion solution,
administered via a cannula inserted into the aorta of the fully
explanted heart. The hydrostatic pressure of the solution closes
the aortic valve, and solution enters the coronary arteries, leaves
via sinus coronarius, and drips off.

A model of isolated heart perfused according to Langendorff
(also known as Langendorff’s heart) is the first experimental
setting which enables recording of electrical activity of the heart
in the style which resembles the ECG (Olejnickova, Novakova,
and Provaznik, 2015). Of course, there were some attempts to
record electrical activity of the heart before introduction of this
model; however, the quality of recording and consequently the
scientific impact of such data were low.

2 ECG RECORDING

2.1 Clinical Perspective

From Einthoven’s first ECG recording system till now, ECG
recording has undergone huge transformation from a full-
analog system to fully computerized ECG recorders
(Rautaharju, 2016). Regardless of technological progress, the
basic clinical approach—12-lead ECG recording—is still based
on Einthoven, Wilson, and Goldberg’s inventions. A standard 12-
lead configuration contains three bipolar limb leads originally
introduced by Einthoven (I, II, and III), three Goldberg’s
augmented unipolar limb leads (aVL, aVR, aVF), and six
unipolar chest leads (V1-V6), where a Wilson central terminal
serves as the reference electrode. Ten skin electrodes are placed on
the left wrist or arm (LA), on the right wrist or arm (RA), on the
left leg (LL), on the right leg (RL), and on the chest (V1-V6).
Chest leads (V1-V6) cover small part of the chest circumference.
Therefore, for specific purposes, modified chest leads, shifted to
different intercostal spaces or to completely different positions,
are used. For example, the leads V3R-V6R are placed on the right
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side of the chest mirroring leads V3-V6. Such modification is
useful for diagnostics of ECG abnormalities originated in the
right ventricle.

The 12-lead ECG configuration gives spatial information
about the cardiac electric activity (Kalra, Lowe, and Al-
Jumaily, 2019). Since ECG leads have both positive and
negative poles, they may be viewed from two spatial
directions. The standard 12-lead ECG system presents the
“positive” ECG leads in a single well-ordered sequence in the
transverse plane (chest leads V1-V6), but in two separate non-
anatomical sequences in the frontal plane (I-III and aVR-aVF).
Moreover, the aVR lead shows the cardiac electric activity from
the right-side view, but the other eleven leads show the heart
activity from the left-side view. The direction of the deflections in
the aVR lead tends to be opposite to that in all other leads. In such
presentation, it is usually hard to integrate consideration of lead
aVR into overall ECG interpretation. To cope with such
problems, an orderly presented ECG system was introduced.
The so-called Cabrera system is based on two modifications of
the standard 12-lead ECG: 1) changing aVR polarity (-aVR) and
2) changing re-organization of limb leads in the anatomical order
(aVL, I, —-aVR, 11, aVF, III) (Lam, Wagner, and Pahlm, 2015).
Even such modification may help to easily interpret ECG changes,
and only Sweden has adopted the Cabrera system as a national
standard.

Reconstruction of the cardiac vector movement from the 12-
lead ECG is—despite all modifications—arduous and
imagination-demanding. For such analysis, orthogonal leads
are much more useful. Orthogonal leads record the electric
activity from three perpendicular axes of the body (horizontal,
vertical, and sagittal). Frank leads are one of the most clinically
relevant orthogonal systems.

The standard 12-lead system is mostly used for ambulatory
ECG recording. Also, such recording is used during the exercise
stress test. Ambulatory 24h ECG monitoring—Holter
monitor—is employed in diagnostics of paroxysmal cardiac
events (such as paroxysmal arrhythmias). The Holter monitor
may use a 12-lead system; however, modern devices record two or
three modified leads only (Kalra, Lowe, and Al-Jumaily, 2019). In
case of rare symptoms, an implantable loop recorder is valuable
(Giada et al., 2007). Such long-term monitor is placed under the
skin on the chest and can automatically record long continuous
signals (up to 3years) (Kalra, Lowe, and Al-Jumaily, 2019).
Recently, several innovative methods for ECG monitoring
were introduced, including patch sensors, EPIC (electric
potential integrated circuit) sensors, chest harnesses, and vest
shirts (Kalra, Lowe, and Al-Jumaily, 2019; Soroudi et al., 2019). A
general trend is to minimize electrodes and make devices
wearable, remote-controlled, and programmable.

A typical ECG curve shows five deflections labeled P, Q, R, S,
and T. The P wave reflects depolarization of the atria. Deflections
Q, R, and S create a thin complex—QRS complex, which
represents ventricular depolarization. The R peak is always
positive (pointing upward). Deflection Q is always the negative
deflection preceding R peak. Deflection S is always the negative
deflection following R peak. Depending on the orientation of
ECG lead, some of the deflections of the QRS complex may not be
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expressed. The fifth deflection—the T wave—reflects
repolarization of the ventricles. Between the end of P wave
and the onset of QRS complex, a period of isoelectric line
called the PQ segment is found. The PQ segment represents
atrioventricular (AV) conduction or AV delay. The PQ segment
together with the P wave forms a PQ interval. The PQ interval
duration reflects propagation of depolarization from the atria to
the ventricles. Between the end of QRS complex and the onset of
T wave, there is a period of isoelectric line called the ST segment.
During the ST segment, all the ventricular cardiomyocytes are
fully depolarized, resting in the plateau phase of the action
potential. Complete electric revolution of the ventricle is
represented by a QT interval—the period from the onset of
the QRS complex to the end of the T wave. The distance of
two consecutive R peaks—RR interval—represents the duration
of one electric cycle of the heart; therefore, it defines the heart
rate. The amplitude of deflections as well as polarity of P and T
waves depends on the orientation of ECG lead. This topic is out of
the scope of this article, and therefore, it is not discussed here.

ECG recording plays an irreplaceable role in diagnostics of
various cardiovascular diseases. Diagnostics of arrhythmias is
completely based on an ECG record. Moreover, the QT interval
prolongation—an independent risk factor for ventricular
arrhythmias—can be detected exclusively from an ECG.
Typical ECG changes, such as the ST segment elevation and T
wave alteration, are related to coronary artery disease and
myocardial infarction. According to the specific changes in the
12-lead ECG record, an occlusion of coronary artery can be
localized. Also, left ventricular hypertrophy can be diagnosed
with high sensitivity and specificity from the ECG record (Yu
et al., 2021). Also, other cardiovascular diseases can manifest
themselves as ECG curve alterations—for instance, myocarditis,
pericarditis, myocardial fibrosis, amyloidosis, and inherited and
acquired defects (such as dextrocardia, mitral stenosis, or
regurgitation). ECG-based diagnostics of pulmonary embolism
represents a specific issue. Although advanced techniques such as
echocardiography, computed tomography, or magnetic
resonance are widely wused, the diagnostic role of
ECG—especially in acute pulmonary embolism—is still highly
valued by clinicians (Van Mieghem et al., 2004). However, it is
necessary to emphasize that ECG signs of pulmonary embolism
may be imitated by severe pneumonia or pneumothorax.

ECG may also help in diagnostics of numerous non-
cardiovascular diseases (Van Mieghem et al, 2004). Typical
ECG curve alterations are detectable in electrolyte imbalances,
such as hyperkalemia and hypocalcemia. Both hyperthyroidism
and hypothyroidism are presented by heart rate alterations and
non-specific ST-T changes. Specific ECG changes are associated
with various disorders of the central nervous system, e.g.,
subarachnoid hemorrhage, head trauma, and acute meningitis.
Hypothermia and hyperthermia cause characteristic ECG
alterations. Last but not least, there are many drugs with
cardiovascular side effects. Drug-induced ECG alterations have
to be considered during treatment by antiarrhythmics, beta-
blockers, antibiotics, antihistamines, antipsychotics, and others.

Innovative approaches of ECG recording bring new challenges
in ECG interpretation. Reduction of the employed electrodes
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leads to the reduction of ECG lead number. Recently, diagnostic
potential of reduced-lead ECG was discussed during the
PhysioNet/Computing in Cardiology Challenge (Reyna et al,
2021). The results suggest that two leads can be enough for
some of the used diagnostics. However, the accuracy of the
diagnostics depends also on the particular combination of
leads (Reyna et al, 2021). On the contrary, a device which
enables to record a high number of ECG leads has been
introduced and successfully tested for detection of life-
threatening events in a human phantom equipped with an
ECG simulator (Wojcik et al., 2021).

2.2 Animal Perspective
The quality (sampling rate and resolution) of the ECG record is
important particularly in animals of high heart rate (mice, rats).

If the electric activity is recorded directly from the surface of
the heart, the term “electrogram” (EG) should be preferred. In
isolated heart models, originally the electric activity was recorded
by needle or hook electrodes attached directly into the cardiac
muscle. However, mechanical irritation caused by electrode
attachment may induce ventricular arrhythmias. To minimize
it, only one pair of electrodes is usually attached, and thus, one EG
lead is recorded. A less-invasive approach is possible if the
isolated heart is immersed into the bath containing saline (e.g.,
Krebs—Henseleit or Tyrode solution). Then, an EG is recorded
contact-less by electrodes placed on the inner surface of the bath
(Figure 1A). Various numbers and positions of electrodes may be
used including a two-dimensional lead system (Ronzhina et al.,
2017) or three-dimensional orthogonal lead system (Janousek
et al., 2010). Such approach minimizes mechanical irritation of
the heart and allows to record more than one EG lead. However,
moving artifacts may compromise EG analysis.

To study more complex responses of the cardiovascular
system including neuro-humoral regulatory mechanisms, a
whole-body animal model has to be engaged. Various animal
species are used to study heart electric activity—including
zebrafish, small rodents (mouse, rat, guinea pig), rabbit, dog,
pig, and others. A broad range of methods are used to record the
ECG in animals. Generally, the methods can be divided into two
groups: 1) methods used in anesthetized animals and 2) methods
enabling ECG recording in conscious animals.

In small animals, including rodents and rabbit, the ECG is
frequently recorded in general anesthesia (Ha, Oh, and Kang,
2020). In anesthetized animals, needle electrodes are usually
placed under the skin of thorax or limbs. Alternatively, clip or
strip electrodes can be fixed to the paws. Other non-invasive
approaches, such as standard skin electrodes, are less effective due
to thick fur of the animals. If non-invasive attachment of the
electrodes is preferred, the fur has to be shaved. Also, contact
conductive ECG gel may improve the signal transduction. The
position of the electrodes usually copies standard bipolar limb
leads well known in human ECG. ECG recording in general
anesthesia is quite common if acute events are studied, such as
potential arrhythmogenicity of drugs or drug candidate
substances (Marks et al., 2012; Sakaguchi et al., 2009). ECG
recording using needle electrodes can also be useful to
monitor cardiac activity during any surgical procedure. The
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A
RAT
GUINEA
PIG
RABBIT
B
RAT
(ANESTHESIA)
C
RAT
(TELEMETRY)
conscious (C) rats.

FIGURE 1 | Original ECG records. (A) Isolated heart electrograms of various species. (B) ECG in an anesthetized Sprague Dawley male rat recorded by needle
electrodes. (C) ECG in a freely moving Wistar male rat recorded by telemetry. Note the differences in the heart rate among species (A) and between anesthetized (B) and

250 ms

~ 250ms

recording of ECG in anesthetized small animals is quite easy to
perform. General anesthesia minimizes the stress and ensures
minimal movement of the animal (except of the breathing).
However, the effect of anesthetics on the cardiac electric
activity must be considered (Figure 1B) (Redfors, Shao, and
Omerovic, 2014; Sano et al., 2016; Wren-Dail et al.,, 2017; Liu
et al., 2019).

ECG recording in zebrafish represents a specific chapter. In the
last two decades, zebrafish became a valuable model in
experimental cardiology due to its fast reproduction, low
maintenance cost, easy breeding, possibility of genetic
manipulation, extensive developmental characterization, and
optical transparency (Gut et al, 2017; Duong et al, 2021).
Moreover, zebrafish cardiac electric activity is comparable to
that of man (Duong et al,, 2021). Therefore, several devices for
ECG recording in zebrafish were introduced. Most of the
approaches require anesthesia or paralysis of the fish. Recently,
devices for long-term monitoring of zebrafish were developed and
validated (Duong et al., 2021; Le et al,, 2022).

If the unwanted effect of general anesthesia may interfere with
the experimental purpose, ECG recording in conscious animals is
preferred. Even in small animals, the ECG can be recorded using
telemetric monitoring (Kramer et al., 2001; Ruppert et al., 2016).
Telemetric systems enable to record minimally one lead of ECG
in conscious, freely moving animals (Figure 1C). A telemetric
unit—microprocessor, battery, and sensors or electrodes for
recording of various biosignals—is usually implanted into the
abdominal cavity or under the skin. ECG electrodes are fixed

subcutaneously. After the implantation, the animal must recover.
Then, the ECG can be repeatedly recorded. Such approach is
highly valued in long-term studies of drug cardiotoxicity or new
drug candidates’ efficiency as well as in chronobiological studies.
It usually allows to record the ECG simultaneously with body
temperature, arterial blood pressure, or acceleration (movement)
of the animal. Such polygraph may uncover subtle dysregulation
of the cardiovascular system as well as disruptions of circadian
cycles. However, there are some pitfalls which must be considered
from the very beginning. Implantation of telemetric unit requires
certain surgical skills. Also, the main advantage—recording of the
ECG in freely moving animals—is a big challenge. During the
movement, skeletal muscles produce a lot of electric potential
changes, which cause artifacts in the ECG record. Moreover,
telemetric electrodes placed under the skin may slightly change
the positions due to body movement. The electrode position
change results in the ECG curve change, which may affect ECG
analysis. Proper fixation of the electrodes is therefore crucial.
Although some approaches promise high-quality ECG recording
(Tontodonati, Fasdelli, and Dorigatti, 2011), a standardized, well-
reproducible, and broadly accepted procedure of telemetric
electrode placement in small animals is missing. In large
animals, telemetric monitoring is well established and widely
used. Besides implantable telemetric systems, external sensors
were introduced. ECG electrodes are placed on the inner surface
of a jacket, which is securely fastened to the animal’s trunk. Such
fully non-invasive external telemetric system is routinely used in
dogs and monkeys (Fish et al., 2017; Skinner et al., 2017). On the
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TABLE 1 | Key electrophysiological characteristics in human and selected experimental animal species. AP, action potential; bpm, beats per minute; ms, milliseconds. *As in
ectotherms, the heart rate and duration of ventricular AP in zebrafish vary with body temperature, and numbers indicate heart rate/ventricular AP duration at 28°C and at

19°C (in parentheses), respectively.

Human Dog
Mean resting heart rate (bpm) 75 70 200
Ventricular AP (ms) 250 250
ST segment in ECG Yes Yes Yes

Rabbit

120-140

Guinea pig Rat Mouse Zebrafish
230 300 500 55 (145)
140 50 25-40 143 (311)*
Yes No No Yes?

a(\Vornanen and Hassinen, 2016) Unless otherwise indicated, adopted from (Farraj, Hazari, and Cascio, 2011).

same principle, devices for small rodents were introduced.
Telemetric ECG recording was used in various wild-life animal
species—for instance, in humpback whale (Meijler et al., 1992).
Battery lifespan, internal memory capacity, and wireless data
transmission speed represent main technical limitations of all
telemetric devices. Acquisition price and operating costs may also
significantly limit the use of telemetric systems.

If a short-term ECG record is required, non-invasive methods
are a good choice. In large well-trainable animals, it is possible to
record the ECG by standard stick-on electrodes. Such procedure
requires specific training, during which the animal learns to
remain motionless for several minutes. In small animals, non-
invasive devices usually consist of a platform equipped with
electrodes, on which an animal puts its paws (Mongue-Din
et al, 2007). In such approach, some restraint of the
movement is indispensable. Plastic tunnel restrainers are
usually used. But any restraint of movement is stressful for
animal, especially for small rodents. To prevent excessive
stress, proper handling of the animals must precede the
recording. In well-handled rodents, restraint by hand
represents a better alternative. Also, mild sedation may
decrease animals’ motor activity and therefore increase the
quality of the ECG record. Nevertheless, restrained ECG
recording technique is a valuable method for rapid screening
of several animals in a short time and at low expense. Such
method is particularly useful in cardiovascular phenotyping of
knockout rats and mice allowing for easy detection of gross
abnormalities in cardiac rhythm in a large number of animals
(Mongue-Din et al., 2007).

In experimental animals, interpretation of the ECG is usually
more challenging than the recording. Lack of standardization in
animal ECG recording and less evidence of mnormal
(physiological) values of ECG parameters make the
interpretation difficult. The differences in cardiac electric
activity =~ among species  also  must be
considered—especially differences in body size, heart anatomy,
and cardiac ionic channel types and their distribution and
regulation. The most striking difference in ECG among the
species is the RR interval duration (Figure 1A). In mammals,
the duration of resting RR interval is directly proportional to the
animal’s body mass. The lower the body mass, the higher the
resting heart rate. The key cardiac electrophysiological
characteristics of various species are summarized in Table 1.

The ECG of the most frequently used laboratory animals—rat
and mouse—is quite distinct from that of humans. There is no
distinct ST segment in rat and mouse ECG curves due to short

various

ventricular action potential with minimal plateau phase. The T
wave begins immediately after QRS complex. Also, the resting
heart rate is significantly higher than that of humans (approx.
500 bpm in mouse, 300 bpm in rat, and 75bpm in man,
respectively). Moreover, significant differences between various
strains of the same species were repeatedly reported (Wehrens,
Kirchhoff, and Doevendans, 2000; Azar, Sharp, and Lawson,
2011; Konopelski and Ufnal, 2016).

3 ECG ANALYSIS

After the ECG is recorded, its pre-processing and analysis may
start. The ECG analysis is meant to be a process which gives
valuable information about the examined subject (isolated
heart model, whole-body animal model, or patient) in terms
of cardiac electrophysiology. The early analyses of ECG in the
beginning of the 20th century were performed only for
measuring time relations in the signal. The introduction of
computer technology in the middle of the 20th century
opened new possibilities for the analysis of ECG. Despite
all the advantages of computer technology, manual
evaluation of the ECG by a cardiologist remains an
indispensable part of diagnosis. The following paragraphs
briefly summarize the development of ECG analysis, the basic
principles of the main techniques in clinical and
experimental perspectives, and, finally, the main current
issues and future directions in this field. Figure 2
illustrates the progress of ECG processing and analysis
techniques in time perspective.

3.1 Pre-Computer Era

Many physiologists at the end of the 19th century were convinced
that the mechanical contraction of the heart is preceded by an
electrical action that could be measured. In the first attempts to
record electrical potentials of the heart muscle, only heart
depolarization and repolarization were recognizable (Waller,
1887). This led to the opinion that such recording would
never be useful in clinical practice (Barold, 2003). As signal
acquisition techniques have evolved, the quality of the signal
has improved, and by the beginning of the 20th century, it was
possible to distinguish in ECG five basic deflections: P, Q, R, S,
and T waves (Ruiz et al., 2008). The first step in the development
of ECG analysis itself was the establishment of a normal
recording. At that moment, the first databases of ECG records
have been introduced and used to manually measure the
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FIGURE 2 | Milestones of ECG processing and analysis in time perspective.
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durations and magnitudes of the waves (Larsen and Skulason,
1941; Simonson et al., 1949; Packard et al., 1954).

Along with the improvement of electrical activity recording,
the first attempt to quantitatively describe how the heart function
is transcribed into the ECG has been done. Numerous equations
have been developed to identify the relationships between the
heart function and ECG patterns. These equations helped to
discover phenomena, which were not visible at the first glance.
One of such measures, outlasting in the clinical and experimental
use to present, is the QT interval corrected by Bazett’s formula
(Bazett, 1920). It reflects the association between the QT interval
duration and the heart rate or, in other words, between electrical
and mechanical systole of the heart. However, the formula has
never been generally applicable; therefore, many other revisions
have been developed over the years (e.g., Phang and White, 1943;
Krasnoff, 1950).

From today’s perspective, these pioneers have come a long
way. The foundations laid by them made it possible to develop the
robust and reliable computational methods in the second half of
the 20th century.

3.2 Computer-Aided Analysis

3.2.1 What Are the Benefits?

Rapid development of computer technologies in the second half
of the 20th century led to the extensive automation of various
processes traditionally performed by human experts. In medicine,
along with analysis of complex imaging data (ultrasound, CT,
MRI, etc.), the diagnostics of cardiac disorders intensely uses
advanced, highly intelligent computer-aided systems. Probably,
the most evident benefit of the computer algorithms is in their
ability to process a huge amount of data in a very short time (e.g.,
Brailer et al., 1997), a process desirable in both clinical and
experimental applications. Another advantage is an accurate
detection of specific ECG patterns, even in case of mild
manifestation or several different manifestations presented in

the ECG simultaneously. In such case, the low-resolution, visual
diagnostics may be inaccurate or totally false, especially when
provided by an inexperienced physician (e.g., Holmvang et al.,
1998; Salerno et al,, 2003). This limitation, however, may be
partially eliminated by using the so-called collective intelligence
decision-making system integrated in a special mobile
application. Such system enables fast sharing of ECG data and
performing the visual interpretation simultaneously by several
experts (Hwang et al., 2021). The computational algorithms can
analyze multi-lead data simultaneously, for the full length of the
record, in a reasonable time, which is not possible by visual
inspection. The decision-making process of the computer systems
is reproducible, and it is not affected by human factors, such as
tiredness and stress (e.g, Taddei et al, 1992). Finally,
computerized ECG analysis utilizing widely available
telecommunication infrastructure enables using all above
benefits in areas with a lack of human experts or in
telemedicine applications. In the latter, computer-aided
systems play a crucial role by supporting the fast assessment
of a huge amount of ECG records (Saced and Ameen, 2021).

From medical point of view, use of the most advanced
methods for ECG analysis offers a simple, widely available,
cheap diagnostics tool. By accurate, sensitive, fast, and robust
detection of pathological patterns in the ECG, these methods
contribute to early diagnosis, selecting the correct treatment
strategy, better outcomes, and improved life quality of the
patients on the one side and to minimized mental and time
demands of clinical staff and decreased national healthcare
financial resources on the other side. Automatic prediction
systems are also useful in preventive medicine.

Of course, computer algorithms make errors, especially when
a low-quality signal or signal with unknown (at least by the
algorithm itself) abnormality is analyzed. The computer more
likely fails when similar manifestations correspond to different
pathologies. In contrast to the computer algorithms, human
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FIGURE 3 | Schematic representation of computer-aided ECG interpretation using feature-based technique (top) and deep learning approaches, which do not
require the calculation of ECG features (bottom). Note: pre-processing steps are optional when using deep learning methods and depend on the application.
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experts use clinical information about the patient and intuition.
Therefore, all statements of the computer systems must be over-
read by skilled physicians (Smulyan, 2019). Nevertheless, the
decision support system based on the highly accurate algorithm
may significantly improve the accuracy of physicians in ECG
interpretation, as has been shown previously on myocardial
ischemia detection (Tsai et al., 2003).

3.2.2 Basic Pipeline: From Digital Filters to Deep
Learning Models

Traditional computer-aided ECG interpretation consists of the
following steps: pre-processing, computation of so-called
features, selection of the most relevant ones, and, finally,
decision-making (Figure 3, top). ECG pre-processing usually
includes suppression of noise, detection of QRS complexes and/or
other fiducial points important for ECG delineation, and
segmentation (e.g., Berkaya et al, 2018; Kumar and
Komaragirikumar, 2018; Vidhya and Jerritta, 2022). Noise of
physiological, environmental, or technical origin complicates the
interpretation of the records and, thus, must be removed by
appropriate methods. Most computer-aided systems use digital
filters to solve this problem (see below). Noise-free ECG is
suitable for accurate detection of the waves, which usually
starts by detection of the most prominent deflection in ECG-
QRS complex and continues by searching the peaks and onsets/
offsets of the other waves in areas surrounding QRS. In some
applications, the outputs of the delineation process are then used
for signal segmentation into the separate beats, intervals, or waves
of interest. In the next step, the most important in the whole
pipeline, the quantitative descriptors—features—are calculated
from the initial filtered ECG or the segments. For effective and
accurate ECG interpretation, only the most relevant and
informative features should be considered. Therefore, the
techniques, providing careful selection of the most
discriminative features or removing the irrelevant and
redundant ones, are applied prior to decision-making. The
final step—decision-making—is a process, which must solve
specific problems. The most frequent issues related to ECG
analysis are the prediction or identification of the cardiac

abnormality or localization of cardiac pathological events.
Nowadays, these problems are addressed by four different
ways: 1) by visual or simple statistical-based expert inspection
of the features using established criteria (i.e., by comparing the
feature value with the physiological range); 2) by using rather
simple, but transparent, human-like expert systems providing
automatic analysis of the features via decision rules pre-
determined in cooperation with clinician experts; 3) by using
machine learning (ML) tools—so-called supervised learning
algorithms, which are able to learn the interpretations from
training data equipped with ground truth labels with no need
for expert rules; and 4) by using state-of-the-art tools—so-called
deep learning (DL) models.

Feature-based decision-making is usually provided by ML
models, from simple linear discriminant analysis (LDA) or
logistic regression to more advanced k-nearest neighbor
(k-NN), decision tree, random forest, support vector machine
(SVM), multiple-layer perceptron (MLP), etc. From
mathematical background, most are based on using one or
combination of several linear or non-linear equations, which
map current input data (ECG samples or features) into the
predicted output (label/diagnosis) (for further information,
refer to Duda et al., 2000; Chazal et al., 2004; Osowski et al.,
2004; Ince et al., 2009; Mishra and Raghav, 2010; Theodoris and
Koutroumbas, 2009, etc.). In fact, they solve the classification
problem by assigning each input sample (i.e., patient’s ECG) to
some of the pre-defined categories (e.g, normal and
pathological). ML methods try to find the decision boundaries
for identification of different groups of data by learning on
samples with known expert interpretations. During the
training process, the equation coefficients (model parameters)
are adjusted by some special optimization algorithm in order to
ensure mapping as accurate as possible (in other words, to ensure
correct predicted output of the model). A model with optimal
parameters is then able to accurately interpret new, previously
unseen, data.

Both ML and DL methods are parts of artificial intelligence—a
wide branch of computer science focused on developing smart
systems capable of mimicking human reasoning and solving the
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FIGURE 4 | lllustration of two binary classification models: (A) straightforward artificial neural network —machine learning model providing ECG classification based
on the previously derived features; (B) 1D convolutional neural network (1D CNN)—deep learning model providing automatic extraction of the features from raw ECG by
convolutional layer(s) and further assignment of the input into the class by fully connected perceptron-like layers. In a 1D CNN model, the convolutional layer consists of
filters, which derive important features from the input ECG. The convolution output—feature map—is usually transformed using a linear or non-linear function (in
order to simplify the training process and avoid the problem of vanishing gradient) and downsampled by calculating the average (average pooling) or by selecting maximal
(max-pooling) values from the feature map. The pooling procedure leads to the reduced number of model parameters and, thus, decreased computation demand.
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tasks traditionally requiring human intelligence. Deep learning is
the most recent, advanced technique, extracting highly relevant
complex patterns from raw ECG by itself, with no need for feature
extraction (see Figure 3, bottom). Briefly, DL neural network
models include specific layers for automatic extraction of feature
maps from the input signal and layers providing the output
prediction (see Figure 4B). Thus, DL models can be
considered “all-in-one” solutions, analyzing data in a broad
context and outperforming most of existing approaches in
terms of time and computational requirements, as well as
achieved results (e.g., Goodfellow et al, 2016; Kashou et al,
2021; Ravi et al., 2017). Reduced computational demand of the
DL decision-making is caused by both the absence of pre-
processing steps and fast interpretation of new data once the
model is trained. Compared to the shallow MLP, the DL neural
network consists of many neuron layers with different
specialization (compare Figures 4A,B). Both shallow and deep
neural networks are based on the neurons—nodes—connected to
each other in such a way that the input information goes through
the deep structure to the last layer, where the predicted output is
generated. Each neuron is represented by a linear or non-linear
equation, which maps current input data into the output. The
neuron parameters—so-called weights—are actually the
coefficients of the neuron equation, which are set during the
optimization procedure (ie., during model training). The
mathematical operations involved in this process are rather
simple: convolution between ECG samples and filter
coefficients when extracting the features, linear or non-linear
transformation of convolution output, linear combination
between current input and neuron weights when generating
predicted output, etc. (see Figure 4B). Nevertheless, the use of
many highly coordinated neuron layers allows achieving state-of-
the-art results.

Two model architectures—convolutional neural net (CNN)
with feedforward information flow and recurrent neural net
(RNN) with some feedback connections—are mostly used.
CNNs process the input with a set of special filters to extract

hidden, high-resolution patterns (Murat et al., 2020; Xue and Yu,
2021). RNNs capture the temporal relationships within the entire
time-series data (Murat et al., 2020; Xue and Yu, 2021). Since both
techniques have some pros and cons, many modifications have
been recently introduced. For example, the long short-term
memory (LSTM) network was developed to deal with the
vanishing gradient problem, which leads to insufficient
updation of the network weights as the training process goes
through deep layers, as it is characteristic for traditional RNNs
(Murat et al,, 2020; Xue and Yu, 2021). More recently, both
models are used together as a hybrid CNN-LSTM solution (see
below) learning from the long-term, complex representations of
heart activity patterns created by convolutional layers. DL models
in clinical and experimental applications significantly improve
the diagnostic yield of routinely used ECG. To create a well-
functioning robust DL model, however, large, relevant, and highly
variable ECG datasets are needed, as will be addressed below.

3.2.3 ECG Pre-Processing

3.2.3.1 Clinical Perspective

The clinical ECGs are usually corrupted with various types of
noise, which may lead to errors in visual inspection and to
inaccurate function of automatic delineation and interpretation
algorithms. The low-frequency baseline wander, power-line
interference (50/60 Hz), and high-frequency noise are those
seen in raw ECG. The first one is primarily caused by
respiratory movements or poor skin-electrode contact and
may cause inaccurate measurement of ST segment, wave
amplitudes, R-peak detection, etc. The power-line interference
of high magnitude makes the analysis of low-voltage P waves
impossible. The high-frequency noise, representing the
myopotentials generated during skeletal muscle contraction,
complicates the ECG delineation. Digital filters, implemented
in a high-pass, band-pass, or low-pass mode with appropriate
cut-off frequencies, are usually used to suppress above
disturbances in the ECG (Satija et al, 2018; Vidhya and
Jerritta, 2022). The desired characteristic of the filter is a
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zero-phase shift to avoid the distortion of the signal. Special
attention should be paid to elimination of the noise with
frequency overlapping with the ECG spectrum. For example,
inappropriate filtration of power-line interference may lead to
undesired alteration (decreased amplitude or even altered
morphology) of P waves and QRS complexes. Another way to
eliminate noise is the ECG decomposition by so-called wavelet
filters (Park et al.,, 1998). Besides, ML- and DL-based filtering
techniques, enabling extra improvement of filtered signal
characteristics, have been recently introduced (Xue and Yu,
2021).

After proper noise elimination, the R peaks and/or other
fiducial points can be detected. Probably, the most famous and
frequently used is the rather robust and simple Pan-Tompkins
algorithm (Pan and Tompkins, 1985). Many other R-peak
detectors, using searching in the initial ECG or ECG
previously transformed to highlight the QRS complexes, have
been developed (e.g., Liu et al., 2015; Biran and Jeremic, 2020;
Walia and Kaul, 2020). However, none of them is error-free; false
detections lead to false alarms and thus increase the demand on
intensive care units’ staff (Plesinger et al., 2016). Recently, it was
shown that the false R-peak detections can be eliminated by
additional validation using the advanced CNN algorithm (Silva
et al., 2020).

Complete delineation of ECG can be performed by the
CNN-LSTM model with a sensitivity of 97.95% (Peimankar
and Puthusserypady, 2021). Another study reports use of
sample-wise, so-called semantic segmentation of the raw ECG
via the CNN-biLSTM network, with an overall accuracy of
95.54% (Londhe and Atulkar, 2021). Bidirectional LSTM
(biLSTM) layers are the layers, where the input sequence is
analyzed in the forward and backward directions resulting in
better learning of important patterns. Sample-wise technique
seems to have great potential in real-time applications due to
its robustness and effective dealing with the continuous signal.

Another interesting study was focused on creating the
mathematical models able to “extract” the waves from the
ECG to make further detection of the fiducial points easier
(Rueda et al, 2021). This method outperforms other recent
approaches in delineating P and T waves, which are well-
known as hardly recognizable and analyzable. The advantage
of this algorithm against ML/DL solutions is in its robustness (in
terms of required amount of training data and abnormalities
present in data) and transparency (in terms of physical meaning
of the process used to generate the model and delineation output
itself).

Fatimah et al. (2021) compared two segmentation methods: 1)
based on R-peak detection and selection of a predefined number
of samples before and after the peak and 2) based on the splitting
of raw signal into the frames of predefined length. Both
approaches are reliable, but the second one is more suitable
for real-time applications due to low computational demand.

3.2.3.2 Animal Perspective

Almost all existing methods for ECG pre-processing and analysis
have been initially established for human signals. The
morphology characteristics of animal ECG are like human
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ones. However, some differences in heart rate and ECG wave
amplitudes and duration exist due to differences in ion channel
expression (Bartos et al, 2015) as well as anatomical
configuration and innervation of the heart. These differences
should be considered when adapting the processing methods to
animal applications. Little information is available regarding the
processing methods, primarily due to the use of commercial,
user-friendly, pre-set software. Only a few research groups
develop their own algorithms for ECG pre-processing. Below,
the most widespread techniques are presented.

The median filter can be successfully applied on clinical and
experimental ECG data to remove low-frequency baseline
wander, which complicates the signal delineation and
decreases the reliability of morphology features (Steenkiste
et al, 2020). For elimination of broad-band noise (such as
muscle activity) in the ECG, the above-mentioned
decomposition of the entire signal by discrete wavelet
transform and reconstruction of “clean” ECG after removing
some components containing noise is more suitable than
standard linear filtration (Zhang et al, 2019). This method,
however, can be sufficient in case of any type of noise, such as
a high-frequency one, as shown by Steenkiste et al. (2020) in
equine data application.

The narrow-band signals created by ECG wavelet
decomposition are often used for accurate detection of waves
and QRS complexes. First, signals with well prominent waves of
interest are selected, and then the complexes are detected by
threshold, which can be constant or adaptively changing
according to current signal maximum amplitude or variability.
This QRS detection technique was shown as more effective and
accurate (sensitivity of 98% and positive predictive value of
99.1%) than the Pan-Tompkins algorithm (sensitivity of 91.5%
and positive predictive value of 81.5%) in equine ECGs
(Steenkiste et al, 2020). This technique can be used for
complete delineation of the entire ECG (with an overall
sensitivity of 99.87% and positive predictive value of 99.89%),
as presented by Hej¢ et al. (2015) on data from isolated rabbit
heart. Similar detection techniques were recently applied on the
ECG recorded in larval zebrafish (Barret et al., 2021). They had to
be adapted periodically since significant motion artifacts were
present in data and heart rate was changed during the
experimental protocol.

Kozumplik et al. (2014) introduced the QRS detector based on
the estimation of signal envelope by the Teager-Kaiser energy
operator and tested it on isolated rabbit heart data with a
sensitivity of 99.84% and positive predictive value of 99.98%.

The first derivative of ECG and further searching for rapid
deviations can be used for complete delineation of the signal as
shown in detail by Huang et al. (2021) in equine ECG. Simple
delineation algorithms are accurate in noise-free data. Otherwise,
more robust adaptive techniques must be used, or the signal is
segmented, and noisy parts are removed prior to further analysis.
This can be solved by algorithms estimating ECG quality.
Promising real-time algorithms offer studies by Smital et al.
(2020) and Nardelli et al. (2020). These approaches can
distinguish several levels of signal quality as evaluated on both
human and horse ECGs.
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3.2.4 Feature-Based Techniques

Features should represent well ECG patterns characteristic for
investigated phenomenon (normal heart function, arrhythmias,
drug-induced or stress-induced changes, structural alterations of
the myocardium, etc.). The quantitative representation of heart
electrical activity by a limited number of highly specific features
allows to construct the efficient, robust, fast, and reliable methods
for automatic identification and differentiation of various cardiac
conditions, as will be shown below. Generally, three main groups
of “hand-crafted” ECG features are used in computer-aided
systems (e.g., Berkaya et al, 2018; Saini and Gupta, 2021;
Gupta et al., 2021a):

- Time-domain features primarily representing 1) the rhythm
character of the signal in terms of heart rate and duration of
some important intervals (i.e., PQ, QT), 2) the morphology
of ECG curve in terms of amplitude, duration, area under
the curve, direction, and other shape-related characteristics
of the particular waves, and 3) the statistical characteristics
of ECG distribution (mean value, standard deviation,
kurtosis, skewness, etc.).

- Frequency-domain or time-frequency domain features
creating the new representation of ECG by using special
transformation (such as Fourier transform (FT), short-term
Fourier transform (STFT), and continuous or discrete
wavelet transform (CWT/DWT)) and exploring the ECG
spectral content and its changes in time.

- Non-linear features revealing non-linear, complex, dynamic
character of ECG (hidden to the above methods) based on
the chaos theory and information theory (i.e., Lyapunov
exponents, Shannon entropy, correlation dimension).

Significant temporal features, intensely used in various areas,
are those describing the heart rate variability (HRV). Initially,
HRV analysis was introduced to investigate the vago-sympathetic
balance and corresponding phenomena (Task Force of the
European Society of Cardiology and the North American
Society of Pacing and Electrophysiology, 1996, later Task
Force Society, 1996). However, the HRV features have been
also shown as useful for detection of cardiac arrhythmias,
as—technically speaking—they measure the irregularity of RR
intervals (or heart rate) (e.g., Task Force Society, 1996; Bernston
et al.,, 1997; Parsi et al., 2021a). These features are calculated from
the RR interval sequence (tachogram) and can be divided into
three categories, i.e., time-domain (various statistical measures,
such as mean or median value, standard deviation of normal
interval (SDNN), root mean square of successive RR differences
(RMSSD), and triangular interpolation index calculated from the
histogram (TINN)), feature-domain (power and peak of very-
low-, low-, and high-frequency bands, their ratios, etc.), and non-
linear (parameters calculated from the Poincaré map,
approximate or sample entropy, detrended fluctuation
parameters, complex correlation measure, etc.) ones (Bernston
et al.,, 1997; Tarvainen et al.,, 2014).

The features should reflect the studied issue. The most
relevant, informative, and reliable features can be selected
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based on the empirical knowledge and experience of the
experts, as is common in clinical routine. In computer-aided
systems, special computational tools help to identify and
eliminate the redundant features or those with poor ability to
represent the patterns of interest. The latter often explore the
inter-feature relationships (correlation analysis, principal
component analysis (PCA), etc.), discriminating abilities of
separate features (two-sample tests of statistical difference, as a
t-test and others), or their combinations (linear discriminant
analysis (LDA), decision tree, etc.) or searches among the feature
set until the combination leading to the best performance of the
model is found (forward or backward selection, sequential
floating forward selection, etc.) (Guyon and Elisseeff, 2003;
May et al, 2011). The reduction of feature number is
desirable: it decreases computational cost and time cost of the
method, enables using a simpler model, avoids the problem of
model overfitting, improves model generalization, and often
increases transparency and interpretability of the whole
decision-making process (Duda et al, 2000; Guyon and
Elisseeff, 2003, May et al, 2011; Theodoridis and
Koutroumbas, 2009).

Feature-based diagnostics tools have been used for several
decades and still play a crucial role in clinical and experimental
research, primarily due to their transparency. Below, recent ECG
applications intensely using these methods are reported.

3.2.4.1 Clinical Perspective

Fatimah et al. (2021) introduced detector of myocardial infarction
using entropy, kurtosis, and energy, calculated from one-channel
ECG decomposed by FT and ML classifiers, where k-NN achieved
the highest accuracy (of 99.96%) outperforming other existing
one-channel approaches.

Multi-lead ECG can be used to accurately detect left
ventricular hypertrophy, which is a less expensive, less time-
consuming, and widely available alternative to the golden
standard imaging techniques. Morphological features (R and S
waves or ST segment changes, QRS complex inversion, etc.)
extracted from CWT-transformed ECGs perform well with
ML classifiers, with the most promising accuracy (up to
97.8%) using multi-layer perceptrons (Jothiramalingam et al,,
2021).

One example of using the morphology features derived from
P-QRS-T segments is the recognition of different beat types, such
as normal, supraventricular, and ventricular ectopic beats and
fusion of ventricular and normal beats. The SVM model trained
on these features performs with overall accuracy 97.8% (Zhu
etal., 2019). The arrhythmia-related features can be calculated as
mean, maximal, median values, etc., of ECG components derived
by WT (Sangaiah et al., 2020).

A novel tool based on the multi-lead ultra-high-frequency
ECG and QRS complex features has been recently introduced. It
provides the quantitative description of ventricular dyssynchrony
with a great potential for selecting the patients for cardiac
resynchronization therapy and improving the therapy
application (Jurak et al,, 2020). One of the proposed features
seems to be more suitable for monitoring of depolarization
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patterns during the biventricular and His-bundle pacing, than
common QRS duration.

A recent prospective study presents temporal, spectral, and
non-linear HRV parameters as the valuable prognostic tool for
evaluation of mortality risks in patients with coronary artery
disease (Vuoti et al., 2021).

The most challenging recent application using HRV features is
atrial fibrillation (AFIB) detection (e.g., Smisek et al., 2018; Murat
et al., 2021a). Timely prediction of paroxysmal AFIB episodes
using seven novel Poincaré map features achieves the accuracy
over 86% for different ML models and even higher accuracy
(98%) when combining with standard HRV features (Parsi et al.,
2021b). McCann et al. (2021) studied ECG records from patients
undergoing catheter ablation. They reported the lowest AFIB
organization level in patients with failed AFIB termination during
ablation using instantaneous frequency and adaptive
organization index.

Novel multi-scale entropy has been shown as an accurate
HRV-based tool for prediction of the malignant ventricular
arrhythmia, even using a simple random forest classifier (Chen
et al., 2021). Standard non-linear HRV features combined with
those from 2D image representation of ECG beats can separate
healthy subjects from patients with ventricular arrhythmia with
an accuracy of 99.99% by using an ensemble of different ML
models (Mandal et al., 2021).

A method based on only six time- and frequency-domain
HRYV features and a simple k-NN classifier can predict the sudden
cardiac death from five-minute RR interval signals recorded by an
implantable cardioverter defibrillator with an accuracy of 91.5%
(Parsi et al., 2021a).

The random survival forest (RSF) ML model was used to
predict spontaneous ventricular tachycardia and ventricular
fibrillation events in young and adult patients with long QT
syndrome (LQTS) (Lee et al., 2021). The model was trained
using the combined feature set including ECG features, family
history of LQTS, and occurrence of other arrhythmias. As
compared to the statistical multivariate Cox regression model,
the RSF model achieved more accurate results with the best
precision of 0.95 and sensitivity of 0.93. In an extended multi-
ethnic study, the RSF model has been also shown as a
promising complex solution for predicting six different
cardiovascular outcomes, including all-cause death, stroke,
cardiovascular disease, coronary heart disease, atrial
fibrillation, and heart failure (Ambale-Venkatesh et al.,
2017). In this case, ECG features were combined with

imaging  features, serum biomarkers, demographic
characteristics, and others in order to achieve accurate
results, which outperform the output of standard

cardiovascular risk scores.

3.2.4.2 Animal Perspective

The basic temporal ECG features such as heart rate and PR and
QT interval duration as well as QRS complex duration are
routinely used to monitor the character of impulse conduction
through different parts of the heart. The assessment of the
combination of these features is especially useful when
evaluating the possible effects of drugs.

ECG Recording and Analysis

Detailed analysis of QT duration in rabbit protocols with
drug-induced long-QT or short-QT syndrome indicated the
possible effect of acute mechano-electrical function on long-
QT syndrome-related arrhythmogenesis (Nimani et al., 2021).
Generally, this feature is a basic marker used in a wide range of
proarrhythmic research studies, including those conducted in
transgenic rabbit models (Baczko et al., 2020), larval zebrafish
models (Barrett et al., 2021), and guinea pig isolated heart
models (Vesely et al., 2019). So-called QT/RR coupling
and—though rarely used—HRYV analysis can be successfully
evaluated in such studies, as previously shown in the context of
haloperidol administration in isolated Sprague Dawley rat and
guinea pig models (Janousek et al., 2017; Vesely et al., 2019).
The prolonged QT duration was found the
methylazoxymethanol acetate rat model of schizophrenia,
which has indicated the models’ applicability for
investigating the risk factors of ventricular arrhythmias and
sudden cardiac death in patients treated with antipsychotics
drugs (Stracina et al., 2016).

HRYV in the isolated heart model can serve to investigate the
intrinsic mechanisms of the cardiac rhythm regulation with no
effect of sympathetic/parasympathetic factor (Janousek et al.,
2014). Spectral HRV parameters are intensely used in
toxicological studies with rodent models (Rowan et al., 2007).
Time- and frequency-domain HRYV features were recently used to
evaluate response of cardiac autonomic modulation in mice to
spontaneous and pharmacologically induced vulnerability to
cardiac arrhythmias in the context of age-related changes
(Piantoni et al., 2021). Due to this simple analysis, the mouse
model has been shown as valuable in translational research of
age-related risk of arrhythmias. In a recent study (Omoto et al,,
2021), the heart rate fragmentation, representing ultra-rapid
patterns of HRV, was newly shown as a reliable marker for
evaluation of myocardial infarction impact on the cardiac
hemodynamic parameters in a Wistar rat.

According to comprehensive overview by Mitchell and Raghav
(2021), HRV analysis is commonly used to diagnose cardiac
arrhythmia in a horse (in rest, during exercise, or during the
treatment). Alexeenko et al. (2020) used two string measures
representing the heart rate complexity to predict the paroxysmal
atrial fibrillation in equine athletes.

The TINN feature has been found as associated with severity
of myxomatous mitral valve disease in dogs (Rasmussen et al.,
2012) and was analyzed to evaluate a risk of ventricular
tachyarrhythmia and sudden cardiac death (Spier and Meurs,
2004). The Poincaré plot helped to investigate the non-linear
geometrical patterns characteristic of dogs as compared to
humans and to describe the specifics of impulse conduction
through the sinoatrial node (Moise et al., 2020).

Morphological features were found to accurately detect
ischemia in the Langendorff-perfused isolated rabbit heart
with normal anatomy as well as spontaneously increased left
ventricular mass (Ronzhina et al, 2017). The rhythm- and
morphology-wise features were used to assess the effects of
widely used voltage-sensitive dye di-4-ANEPPS on heart
electrical activity in the same experimental model (Ronzhina
etal., 2021). Particularly, analysis of the rhythm features revealed

in
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the modulation effect of the dye on impulse conduction through
the atria, AV node, and ventricles.

Novotna et al. (2017) investigated the usefulness of simply
derived and robust features based on high-frequency components
of QRS complexes (the maximal peak of QRS envelope, distance
from QRS envelope maxima to R peak, and root mean square of
the QRS area) to evaluate the conduction velocity in the working
isolated rabbit heart under induced hemodynamic changes.

The use of ML-based methods in experimental or veterinary
context is usually limited by a small amount of collected data. In
case of long-term experiments, however, these techniques could
be very helpful to carry out fast, robust, and reliable analysis. For
example, Marsanova et al. (2017) differentiated normal sinus,
ischemic, and ventricular premature beats recorded in the rabbit
isolated heart during experiments with induced global ischemia
by morphological and spectral ECG features and various ML
models with the best accuracy of 98.6% for k-NN.

Huang et al. (2021) introduced the detector of paroxysmal
atrial fibrillation in horses, which uses three consecutive intervals,
QT, TQ, and RR (derived from rest, one-channel ECG), and
k-NN classification algorithm.

3.2.5 All-In-One Diagnostics Solutions Based on Deep
Learning

Many “all-in-one” solutions are working with a raw ECG or the
pre-processed, noise-free ECG or 2D “image” representations of
ECG created by converting the 1D signal into the so-called
spectrogram (via STFT, CWT, etc.) or, more straightforwardly,
by saving the ECG segments in some image format for further
analysis. These solutions often use the hybrid model, when the
first part (e.g., CNN, autoencoder) extracts the most reliable
features from the input and the second part (e.g., LSTM net,
fully connected layers) provides the final decision-making
(classification, prediction, etc.).

Here, the overview of the most recent DL approaches is
introduced. To our best knowledge, there is no all-in-one DL
solution in experimental physiology applications due to limited
data sources. We believe that this gap will be removed soon due to
transfer of learning techniques we address in the last section and
illustrate the example from the veterinary field.

3.2.5.1 Clinical Perspective — Focused Applications

Many approaches are focused on specific problems, which allows
to reach promising results with a relatively simple model
architecture and low time and computational requirements
even in case of limited data amount. Great improvements
based on DL method use were achieved in the detection of
acute myocardial infarction and stable ischemic heart disease,
with the detection accuracy in the range of 83-99.9% for different
model configurations (CNN, ResNet, CNN-biLSTM) (Hinai
et al, 2021). Myocardial infarction localization can be
recognized with an accuracy of 90.20%, 99.67%, and 99.87%
for biLSTM, 1D-CNN, and DenseNet, respectively (Tripathy
et al, 2019; Xiong et al., 2021). The ResNet model is a CNN
with residual blocks, which allows the signals to pass through
several layers in the network resulting in improved training
capability of the model with no information loss.
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DenseNet—network with so-called dense
connections—“reuses” the information from each layer by
sending it directly as the inputs of all subsequent layers and,
thus, maximizes the flow of important inter- and intra-lead
patterns between the layers. Adding dense connections
increases the total number of trainable parameters in the
network and thus increases the computational demand of
the method. On the contrary, the overall performance of
the network improves. All the above DL approaches
outperform existing ML techniques based on morphological
features combined with k-NN or SVM in terms of accuracy as
well as time required for analysis of new patients’ data
(Tripathy et al., 2019; Xiong et al., 2021).

The accuracy of left ventricular hypertrophy detection reaches
up to 85.8% when using CNN-extracted ECG features in
combination with six-layer-perceptron-extracted demographic
features, which outperform routine Sokolow-Lyon criteria and
visual inspection (accuracy of 81.8 and 85.5%, respectively)
(Kwon et al.,, 2020). Khurshid et al. (2021) trained ResNet on
a 12-lead ECG to predict the LV mass and reached the output
significantly correlating with the MRI-based reference
values.

Left ventricular systolic dysfunction (LVSD) in critically ill
patients can be accurately (71-76%) detected from ECG, which is
less time-consuming and less expensive than usually used
transthoracic echocardiography. Additional benefit of the DL
method is its robustness and efficiency in both patients with and
without atrial fibrillation, which is commonly associated with
LVSD (Kashou et al.,, 2021). The latter increases the potential
usability of this novel non-invasive, inexpensive, and fast method
in acute care screening.

According to recent meta-analysis (Griin et al., 2021), CNN or
CNN-LSTM models can predict heart failure from a standard
raw 12-lead ECG with sensitivity 83-100% for different
architectures and databases.

AFIB detection and differentiation between terminating and
non-terminating AFIB episodes were recently performed via
time—frequency ECG representation (by chirplet transform)
and 2D CNN-biLSTM classifier with an accuracy of 99 and
75.9%, respectively (Radhakrishnan et al, 2021). The authors
stated that this method outperforms those based on other
representations (by STFT, CWT, and Stockwell transform) and
other model architectures (CNN, attention-based, etc.). In
another report (Rahul and Sharma, 2022), the AFIB detector
using STFT representation and biLSTM model slightly
outperformed the method using raw ECG (accuracy of 99.84
and 98.85%, respectively).

According to interesting retrospective research (Attia et al.,
2019), an eight-lead ten-second ECG recorded during the sinus
rhythm can be successfully used to predict the outcome in AFIB
patients via the ResNet model with the accuracy of 79.4%. This
approach offers fast, inexpensive identification of the patients
with a high likelihood of AFIB by timely revealing of the
structural changes in atria before the presence of any symptoms.

Detection of abnormal cardiac rhythms (in terms of the width
of QRS complex, heart rate, and ECG amplitude), which can
respond to electrical shock therapy with further expected
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restoration of normal sinus rhythm and, consequently, normal
cardiac pump function, achieved the best accuracy (91.14%) for
the CNN model (Hammad et al., 2021).

3.2.5.2 Clinical Perspective—Multiple-Issue Applications
Recently, there is an effort to design approaches for
differentiation of dozens of arrhythmias in ECG by only one
complex model. The 1D-CNN proposed by Yildrim et al. (2018)
recognizes 17 different cardiac arrhythmias from the one-channel
ten-second ECG with an overall accuracy of 91.33%, in the real-
time mode suitable for further implementation in mobile/cloud
telemedicine applications. Haleem et al. (2021) combined the
CNN-biLSTM model segmenting the raw ECGs with the 2D-
CNN model, which provides final classification of the beats
(previously transformed by STFT) into four categories: normal
ECG, arrhythmia (97.9% accuracy), congestive heart failure
(100% accuracy), and sudden cardiac death (100% accuracy).
1D ResNet can discriminate among six types of ECGs, as recently
shown on a huge, unique database containing over 2 million
ECGs recorded from more than 1.6 million patients (Ribeiro
et al., 2020); this algorithm outperformed the accuracy of the
fourth-year cardiology resident, the third-year emergency
resident, and the fifth-year medical student. A similar
architecture was previously used to detect abnormalities in
one-channel ECG in the frame of PhysioNet Challenge 2017
with the top performance among several solutions (Clifford et al.,
2017; Hannun et al., 2019).

Cinar and Tuncer (2021) combined the DL model extracting
the features with SVM providing the recognition of sinus rhythm,
abnormal arrhythmia, and congestive heart failure with an overall
accuracy of 96.77%. The LSTM model trained on raw ECGs
achieved 90.67%, and conventional feature-based ML models
achieved only about 65-68% on the same dataset. By
combination of complex DL and simple ML models, the
authors obtained the high-performance tool on the one side
and decreased computational time and improved transparency
of the process on the other side.

According to Mousavi et al. (2021), the ECG can be
successfully represented in the way commonly used in natural
language processing, where the distinct waves and QRS
complexes are considered the words and the whole ECG a
sentence. This representation can be next analyzed by the DL
model. The main drawback of this approach (as compared to
other DL-based methods above) is the need for R-peak detection,
ECG segmentation, and creating valid arrhythmia-related
vocabulary required for further integer-encoded representation
of ECG. This technique, however, performs better (accuracy of
74-97% depending on the database) than many other existing
algorithms.

Compared to the CNN, ResNet, and CNN-biLSTM, the
hybrid CNN-transformer model combined with temporal
ECG features achieved higher performance in recognizing nine
different beat types (Che et al., 2021). The transformer net—one
of the most recent DL architectures—has been initially created as
a compromise between the CNN (image pattern recognition) and
the recurrent neural network (time-series sequence pattern
recognition). In this model, the relevant features are driven
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from input data using the so-called attention mechanism.
Approaches, using various transformer modifications, achieve
promising results in arrhythmia classification experiments on
many different ECG databases (e.g., Che et al,, 2021; Hu et al,
2021; Natarajan et al., 2021; Nonaka and Seita, 2021; Meng et al.,
2022).

However, adaptation of existing complex architectures,
initially proposed for image (CNN, ResNet, etc.) or natural
language (LSTM, biLSTM, etc.) analysis, has strong limitations
as reported by the systematic study of Nonaka and Seita (2021).
Novel ECG-target architectures should be developed to achieve
high performance in the future.

3.3 Current Issues and Future Directions
3.3.1 Transfer Learning: Sharing the Knowledge
Among Areas

Transfer learning is a research method in machine learning,
where knowledge from one area is applied to solve the
different, but still relevant issue. Transfer learning, when
applying by proper way, may solve many different problems.
One of them is a problem with heterogeneity of patients’ data. It
would be practically useful, if once the model is trained on some
data (e.g., from healthy subjects), so that it could be directly
applied on data with different diagnostics background (e.g., data
from patients with rare arrhythmia). Most probably, however,
this will not work well due to highly inconsistent character of
patterns from two datasets. Nevertheless, successful results can be
obtained when training model on one (freely available and
extended) dataset and re-training it later on the other dataset
consisting of samples of interest (can be small). In this case, the
knowledge learned during the first training and saved in the
network weights is used for analysis of the second dataset. During
the re-training procedure, the weights from the first layers of the
pre-trained model (extracting the relevant features from input
data) remain with no changes, and only last layers (providing the
classification or prediction itself) are re-trained using new data,
which is computationally effective. This transferring of
knowledge between the domains seems to be a way for
effective usage of the models, well-established in other areas,
directly in medical applications, with no extra time and source
investments. It could be of special importance in problems, where
there are not enough data for efficient training of the model.

DL architectures, initially proposed for image analysis, speech
recognition, and other data, can be successfully used for ECG
interpretation after appropriate modifications, as has been shown
in clinical applications. Salem et al. (2018) recognized cardiac
arrhythmias in 2D image representations of ECG using the
DenseNet model, which was previously pre-trained on a huge
image dataset consisting of the images of animals, objects, etc.,
with an overall accuracy of 97.23%. Similarly, the VGG image
processing network was re-trained to detect LVH in multi-lead
ECG data (Soto et al., 2021).

Bizzego et al. (2021) showed that the CNN model for heartbeat
identification, initially trained on data from healthy subjects,
performs poorly in data from cardiac patients. However, re-
training of some layers of this network with a small amount
of patients’ data results in significantly improved detection
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performance. Jang et al. (2021) pre-trained the convolutional
autoencoder model on unlabeled one-channel ECG signals from
one database and used this model later to classify 12 different
rhythms in 12-lead ECG. The authors reported better
performance when using the pre-trained model (overall F1-
score of about 83.5%) than in case where the model weights
were initiated randomly (overall Fl-score of about 54.3%).
Weimann and Conrad (2021) fine-tuned the weights of CNN,
which was initially trained on a large publicly available ECG
database, by a small set of data recorded in patients with AFIB
and obtained improved performance (by 6.57%) as compared to
the non-pre-trained model.

The most exciting and beneficial application of transfer
learning was shown in animal data analysis, when the
standard use of DL methods is strongly limited by a small
amount of available data. A few published reports using DL
for animal data analysis are focused mainly on image processing,
e.g., detection of canine mammary tumor (Kumar et al., 2020),
detection of diffuse degenerative hepatic disease in dogs (Banzato
et al.,, 2018), and classification of the thoracic canine radiographs
(Banzato et al, 2021). In animal ECG analysis, the study by
Steenkuste et al. (2020) demonstrated application of DL methods
by involving transfer learning technique. The CNN model pre-
trained on human ECGs was used to recognize four beat types
(normal, atrial premature contraction, ventricular premature
contraction, and artifact) in equine ECG with an accuracy of
97.1% for the re-trained model, which outperforms the non-pre-
trained model.

Aston et al. (2019) fine-tuned several pre-trained image-wise
DL models (such as AlexNet, GoogLeNet, ResNet-18,
SqueezeNet) via a newly proposed symmetric projection
attractor calculated from two-lead ECG. They were used to
distinguish between wild-type mice and Scn5*~ mutant
mice suffering from impaired function of cardiac sodium
channel.

From all the above, it seems that DL models can learn not only
general but also more specific patterns during transfer learning.
Although the DL methods have been recently applied exclusively
in veterinary medicine where relatively large amounts of data are
available, it seems to be reasonable—due to transfer learning
technique—to expect expansion of DL models in experimental
cardiology.

3.3.2 Imbalanced Data Problem: Minority Is Out of
Game

The lack of data often concerns only certain groups of
arrhythmias, such as those with rare incidence in the
population or paroxysmal ones, where the ECG manifestation
cannot be easily recorded during standard clinical examination.
During the training process, the model extracts important
information from input samples and uses it for final decision-
making. In case of a severely imbalanced train dataset (where the
categories are distributed unequally), the model will “focus” on
the abnormalities from the majority group(s) and will ignore
those from the minority group(s). Most of available ECG
databases include much more normal sinus rhythm data than
abnormal ones and, thus, are imbalanced. There are some

ECG Recording and Analysis

techniques which reduce or eliminate this problem and, thus,
ensure effective training of the model.

The simplest way to make the size of particular categories
equal is resampling of the training dataset, where the majority
class is reduced by random selection of the desired number of
samples (undersampling) or the minority class is extended by
random repeating of selected samples (oversampling). However,
removing of samples from the training set may lead to loss of
important information. Simple repeating of minority samples will
not make the dataset variable and representative and may not
effective  model  training.  Therefore, —more
sophisticated—so-called augmentation—methods are usually
applied.

Augmentation techniques generate new training samples by
adding some perturbation in data resulting in improved
robustness of the model. First, some manipulations can be
applied on initial data, such as random scaling, flipping,
shifting, and noising ECG, to achieve accurate detection of
multiple arrhythmias (Vicar et al., 2020; Nonaka and Seita,
2021; Do et al, 2022). The same application can profit from
using the synthetic samples generated from the training ones
using intuitive adaptive synthetic data sampling (ADASYN,
Virgeniya and Ramaraj, 2021) or synthetic minority
oversampling technique (SMOTE, Ketu and Mishra, 2021).
Data samples can be generated artificially by specially trained
ML or DL models (such as Gaussian mixture model (GMM),
generative adversarial network (GAN), LSTM/biLSTM, CNN), as
has been shown for time-series ECG (including dependent
multichannel signals) and 2D spectrogram applications (e.g.,
Lima et al., 2019; Brophy, 2020; Hatamian et al., 2020; Hazra
and Byun, 2020). Recently, a unique database of more than
120,000 artificial ECGs, generated by the GAN, has been
introduced (Thambawita et al., 2021). This model was trained
on more than 7,000 real patients’ ECG records.

From above reports, synthetic ECGs are realistic enough to be
used in practice and, consequently, contribute to the expansion of
high-performance ML or DL techniques in a wide range of
clinical and experimental applications. In the latter area,
besides all the above, augmentation approaches, based on data
generated by mathematical computational models, seem to have
special potential. Models of different complexity—from
molecular to organ levels—are available (e.g., Guasch et al,
2013; Henderson et al., 2009; Pagé et al., 1986) for generating
the relevant, realistic, clearly interpretable
electrophysiological data.

ensure

3.3.3 Understandable Means Credible: Open the
Black Box

Effective interaction of a human expert (e.g., cardiologist) with
the computer-aided system requires trust in the computer’s
decision-making. Therefore, an adoption of DL-based
diagnostic systems in the routine clinical practice is limited,
despite their high performance. As a result, there is a big
effort in creating the tools helping to uncover the processes
behind the model’s prediction. Such “explaining” methods
may help the experts to understand the computer-aided tools
and to “safely” use their output to make the final decision. Of
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course, rather transparent feature-based methods with simple ML
models (such as linear discriminant function, decision tree) can
be used. These are, however, less successful as DL-based systems
(see above). It seems to be more suitable to use the high-
performance, though non-transparent, DL algorithms and
apply additional techniques to “open” the black box. Many
different methods and algorithms have been proposed in the
last decade to solve this issue.

Probably, the easiest solution is to visualize the outputs
from those layers of deep networks, which generate the
features from input data (such as convolutional layers in
the CNN model, attention layers in the transformer). The
generated feature maps can indicate the parts of the ECG
playing the most important role in resulting diagnosis (Meng
etal., 2022; Nataraja et al., 2021, etc.). The features maps can be
additionally simplified by principal component analysis and
used for detailed interpretation of the diagnostics model
(Murat et al., 2021b).

Most comprehensive explanation can be obtained by special
algorithms, such as Shapley Additive Explanations (SHAP),
which assigns the importance weight to each sample by
exploring the gradient, calculated when the sample enters the
model (Soto et al., 2021). These weights can be then illustrated. A
similar method—gradient-weighted class activation mapping
(GRAD-CAM)—creates the visualization of the gradient
through the entire model (Ho and Ding, 2021). Elul et al.
(2021) included the spectro-temporal attention (STA)
mechanism, which highlights the most important parts of
ECG based on the analysis of temporal and spectral
information from selected layers of the network. Other, local
interpretable model-agnostic explanation technique (LIME) uses
another, very simple, linear model (such as linear regression) to
explain the local behavior of the black-box complex model
around the sample of interest (Hughes et al., 2021).

3.3.4 Huge Amount of Data: Make It Easier With
Multiple-Instance Learning

A huge amount of long-term ECG data requires a lot of time for
detailed data labeling, which is crucial for accurate diagnosis and
for potential use when creating the ML- or DL-based computer-
aided systems. The labeling process is extremely time-consuming
and expensive. Especially when each beat should be labeled
separately, the risk of misinterpretations due to intensive
cognitive load or poor experience of the physician is high.
Therefore, multiple-instance learning (MIL) enabling model
training using only global labels with no beat-wise
annotations can be very useful. MIL is a type of supervised
learning, which works with labeled bags of data (instead of the
labeled instances) (Carbonneau et al., 2018). When properly
combining with ML or DL, it can be successfully used
for localization of the pathological events in ECG and
generation of the detailed annotation reports, if needed, as
shown in myocardial infarction detection (Sun et al., 2012),
abnormal heartbeat localization (Tong et al, 2021), or
premature ventricular contraction localization (Novotna
et al, 2020). The accuracy of such methods is usually
comparable to that of standard DL approaches, but
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MIL-based detectors are beneficial due to less strict

requirements on the training dataset.

3.3.5 Deep Learning Expansion: Need for Control

The number of DL studies focused on cardiac arrhythmia
detection and classification has intensively grown during the
last five years, most probably due to the PhysioNet/Computing
in Cardiology Challenge conducted in 2017, where an extended,
highly variable database was introduced to the wide audience
(Clifford et al., 2017). Many challenge participants applied the
CNN or LSTM model to address the topic and achieved the best
performance in binary (AFIB vs. non-AFIB) and multi-class
(sinus rhythm, AFIB, atrial flutter, etc.) issues (Murat et al,
2021a). The growing trend in using DL is still present due to
international challenges (PhysioNet/Computing in Cardiology

2020 and 2021, China Physiological Signal Challenge
2018-2021) focused on the algorithms for reliable QRS
detection, supraventricular and  ventricular  premature

contraction detection, AFIB detection or paroxysmal AFIB
localization in ECG, multi-label classification of 24 different
arrhythmias, or identification of the ECG leads with the
highest discrimination ability. During the challenges, high-
quality, freely available, and accurately labeled databases are
introduced to the wide audience, which enables further
development of high-performance robust algorithms (Perez
Alday et al, 2021). The availability of large ECG databases,
however, makes the opportunity for people with no basic
knowledge in the cardiac arrhythmia domain to be involved in
creating the algorithms. In this situation, one cannot expect
correct and careful usage of ML or DL methods. The only way
to create trustworthy diagnostic systems, which meet the true
clinical needs, is close cooperation among a wide range of experts,
such as clinicians, engineers, data scientists, and programmers.

Another issue, which needs to be solved soon, is a lack of the
guidelines for creating and evaluating the diagnostic ML and DL
algorithms. Bond et al. (2021) formulated this aspect in the
context of systems for ECG interpretation as a need for best
practices for “stress-testing” algorithms. They recommend to test
the novel algorithms under different conditions: using both clean
and noisy data, data recorded by misplaced or/and interchanged
electrodes, data recorded in different hospitals by different
devices and from different ethnic groups, etc. This may ensure
creating the reliable, accurate, and robust algorithms useful in
clinical routine support. Thus, formation of international
working groups focused on the relevant guideline formulation
can be expected in the near future. Best practices—after some
modifications—will be further integrated in experimental
applications.

4 FINAL REMARKS

The present article reviews current perspectives of ECG recording
and analysis. It presents a unique combination of clinical and
experimental points of view. This approach may attract a broad
range of readers—not only researchers in the area of cardiology
but also biomedical engineers, mathematicians, and last but not
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least clinicians. Looking at the same topic from various angles and
summarizing information obtained from various models may
help interested readers of numerous specializations understand
each other better. As a result, it might help to plan future research
activities of multidisciplinary teams, consisting of both
researchers and clinicians.

In the 21st century, recording of electrical activity of the heart
muscle in the form of electrocardiogram may appear rather
obsolete. The truth is that numerous sophisticated methods
enable the researchers and clinicians to obtain information
about electrical and mechanical activities of the heart and
visualize these processes. On the contrary, new ways of ECG
recording together with advanced methods of its analysis open
new possibilities for its use.

AUTHOR CONTRIBUTIONS

MN suggested the outline of the article, was responsible for
overall style, and contributed to Introduction and Final

REFERENCES

Al Hinai, G., Jammoul, S., Vajihi, Z., and Afilalo, J. (2021). Deep Learning Analysis
of Resting Electrocardiograms for the Detection of Myocardial Dysfunction,
Hypertrophy, and Ischaemia: a Systematic Review. Eur. Heart J. - Digital Health
2, 416-423. doi:10.1093/ehjdh/ztab048

Alexeenko, V., Fraser, J. A., Bowen, M., Huang, C. L.-H., Marr, C. M., and
Jeevaratnam, K. (2020). The Complexity of Clinically-normal Sinus-Rhythm
ECGs Is Decreased in Equine Athletes with a Diagnosis of Paroxysmal Atrial
Fibrillation. Sci. Rep. 10, 6822. doi:10.1038/s41598-020-63343-7

AlGhatrif, M., and Lindsay, J. (2012). A Brief Review: History to Understand
Fundamentals of Electrocardiography. J. Community Hosp. Intern. Med.
Perspect. 2, 14383. doi:10.3402/jchimp.v2i1.14383

Ambale-Venkatesh, B., Yang, X., Wu, C. O,, Liu, K., Hundley, W. G., McClelland,
R, et al. (2017). Cardiovascular Event Prediction by Machine Learning. Circ.
Res. 121, 1092-1101. doi:10.1161/CIRCRESAHA.117.311312

Aston, P. ], Lyle, J. V., Bonet-Luz, E,, Huang, C. L. H,, Zhang, Y., Jeevaratnam, K.,
et al. (2019). Deep Learning Applied to Attractor Images Derived from ECG
Signals for Detection of Genetic Mutation. 2019 Computing in Cardiology.
doi:10.23919/CinC49843.2019.9005823

Attia, Z. I, Noseworthy, P. A., Lopez-Jimenez, F., Asirvatham, S. J., Deshmukh, A.
J., Gersh, B. ., et al. (2019). An Artificial Intelligence-Enabled ECG Algorithm
for the Identification of Patients with Atrial Fibrillation during Sinus Rhythm: a
Retrospective Analysis of Outcome Prediction. The Lancet 394, 861-867.
doi:10.1016/50140-6736(19)31721-0

Azar, T., Sharp, J., and Lawson, D. (2011). Heart Rates of Male and Female
Sprague-Dawley and Spontaneously Hypertensive Rats Housed Singly or in
Groups. J. Am. Assoc. Lab. Anim. Sci. 50, 175-184.

Baczkd, I, Hornyik, T., Brunner, M., Koren, G., and Odening, K. E. (2020).
Transgenic Rabbit Models in Proarrhythmia Research. Front. Pharmacol. 11,
853. doi:10.3389/fphar.2020.00853

Banzato, T., Bonsembiante, F., Aresu, L., Gelain, M. E., Burti, S., and Zotti, A.
(2018). Use of Transfer Learning to Detect Diffuse Degenerative Hepatic
Diseases from Ultrasound Images in Dogs: A Methodological Study. Vet. J.
233, 35-40. doi:10.1016/j.tvjl.2017.12.026

Banzato, T., Wodzinski, M., Burti, S., Osti, V. L., Rossoni, V., Atzori, M., et al. (2021).
Automatic Classification of Canine Thoracic Radiographs Using Deep Learning.
Sci. Rep. 11, 3964. doi:10.1038/s41598-021-83515-3

Barold, S. S. (2003). Willem Einthoven and the Birth of Clinical
Electrocardiography a Hundred Years Ago. Card. Electrophysiol. Rev. 7,
99-104. doi:10.1023/A:1023667812925

ECG Recording and Analysis

Remarks. TS wrote ECG Recording and contributed to
design of the table and figures. MR and RR wrote ECG
Analysis and contributed to design of figures. All authors
participated in critical reading of the manuscript and review
of the literature.

FUNDING

This research was funded by Masaryk University as part of project
no. MUNI/A/1133/2021 with the support of the Specific
University Research Grant, as provided by the Ministry of
Education, Youth and Sports of the Czech Republic, and by
the grant project provided by Masaryk University (No. MUNI/
11/SUP/09/2022). This research was also supported by project no.
LQ1605 from the National Program of Sustainability II (MEYS
CR). RR is the Brno Ph.D. Talent Scholarship Holder funded by
the Brno City Municipality project “Advanced Detection of
Cardiac Arrhythmias Using Intracardiac ECG and Deep
Learning Methods.”

Barrett, R., Hurst, R., Tarte, E., Miiller, F., and Sik, A. (2021). Automatic Detection
of Larval Zebrafish ECG: Computational Tool for High-Throughput Cardiac
Activity Analysis. bioRxiv [Preprint] (Accessed January 12, 2022). doi:10.1101/
2021.02.08.430220

Bartos, D. C.,, Grandj, E., and Ripplinger, C. M. (2015). Ion Channels in the Heart.
Compr. Physiol. 5, 1423-1464. doi:10.1002/cphy.c140069

Bazett, H. C. (1920). An Analysis of the Time-Relations of Electrocardiograms.
Heart 7, 353-370.

Berntson, G. G., Thomas Bigger, ., Jr, Eckberg, D. L., Grossman, P., Kaufmann, P. G.,
Malik, M,, et al. (1997). Heart Rate Variability: Origins, Methods, and Interpretive
Caveats. Psychophysiology 34, 623-648. doi:10.1111/j.1469-8986.1997.tb02140.x

Besterman, E., and Creese, R. (1979). Waller--pioneer of Electrocardiography.
Heart 42, 61-64. doi:10.1136/hrt.42.1.61

Biran, A., and Jeremic, A. (2020). Automatic QRS Detection and Segmentation
Using Short Time Fourier Transform and Feature Fusion. IEEE Can. Conf.
Electr. Comp. Eng. doi:10.1109/CCECE47787.2020.9255676

Bizzego, A., Gabrieli, G., Neoh, M. J. Y., and Esposito, G. (2021). Improving the
Efficacy of Deep-Learning Models for Heart Beat Detection on Heterogeneous
Datasets. Bioengineering 8, 193. doi:10.3390/bioengineering8120193

Bond, R, Finlay, D., Al-Zaiti, S. S., and Macfarlane, P. (2021). Machine Learning with
Electrocardiograms: A Call for Guidelines and Best Practices for ’stress Testing’
Algorithms. J. Electrocardiol. 69, 1-6. doi:10.1016/j.jelectrocard.2021.07.003

Brailer, D. J., Kroch, E., and Pauly, M. V. (1997). The Impact of Computer-Assisted
Test Interpretation on Physician Decision Making. Med. Decis. Making 17,
80-86. doi:10.1177/0272989X9701700109

Brophy, E. (2020). Synthesis of Dependent Multichannel ECG Using Generative
Adversarial Networks. Proc. 29th ACM Int. Conf. Inf. Knowledge Manag.
(CIKM ’20). doi:10.1145/3340531.3418509

Carbonneau, M.-A., Cheplygina, V., Granger, E., and Gagnon, G. (2018). Multiple
Instance Learning: A Survey of Problem Characteristics and Applications.
Pattern Recognition 77, 329-353. doi:10.1016/j.patcog.2017.10.009

Che, C., Zhang, P., Zhu, M., Qu, Y., and Jin, B. (2021). Constrained Transformer
Network for ECG Signal Processing and Arrhythmia Classification. BMC Med.
Inform. Decis. Mak 21, 184. doi:10.1186/s12911-021-01546-2

Chen, Z., Ono, N, Chen, W., Tamura, T., Altaf-Ul- Amin, M., Kanaya, S., et al. (2021).
The Feasibility of Predicting Impending Malignant Ventricular Arrhythmias by
Using Nonlinear Features of Short Heartbeat Intervals. Comp. Methods Programs
Biomed. 205, 106102. doi:10.1016/j.cmpb.2021.106102

Cmnar, A., and Tuncer, S. A. (2021). Classification of normal Sinus Rhythm,
Abnormal Arrhythmia and Congestive Heart Failure ECG Signals Using
LSTM and Hybrid CNN-SVM Deep Neural Networks. Comp. Methods
Biomech. Biomed. Eng. 24 (2), 203-214. doi:10.1080/10255842.2020.1821192

Frontiers in Physiology | www.frontiersin.org

April 2022 | Volume 13 | Article 867033


https://doi.org/10.1093/ehjdh/ztab048
https://doi.org/10.1038/s41598-020-63343-7
https://doi.org/10.3402/jchimp.v2i1.14383
https://doi.org/10.1161/CIRCRESAHA.117.311312
https://doi.org/10.23919/CinC49843.2019.9005823
https://doi.org/10.1016/S0140-6736(19)31721-0
https://doi.org/10.3389/fphar.2020.00853
https://doi.org/10.1016/j.tvjl.2017.12.026
https://doi.org/10.1038/s41598-021-83515-3
https://doi.org/10.1023/A:1023667812925
https://doi.org/10.1101/2021.02.08.430220
https://doi.org/10.1101/2021.02.08.430220
https://doi.org/10.1002/cphy.c140069
https://doi.org/10.1111/j.1469-8986.1997.tb02140.x
https://doi.org/10.1136/hrt.42.1.61
https://doi.org/10.1109/CCECE47787.2020.9255676
https://doi.org/10.3390/bioengineering8120193
https://doi.org/10.1016/j.jelectrocard.2021.07.003
https://doi.org/10.1177/0272989X9701700109
https://doi.org/10.1145/3340531.3418509
https://doi.org/10.1016/j.patcog.2017.10.009
https://doi.org/10.1186/s12911-021-01546-2
https://doi.org/10.1016/j.cmpb.2021.106102
https://doi.org/10.1080/10255842.2020.1821192
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Stracina et al.

Clifford, G., Liu, C., Moody, B., Lehman, L.-w,, Silva, L, Li, Q,, et al. (20172017). AF
Classification from a Short Single Lead ECG Recording: the Physionet Computing
in Cardiology Challenge 2017. Comput. Cardiol. doi:10.22489/CinC.2017.065-469

deChazal, P., O’'Dwyer, M., and Reilly, R. B. (2004). Automatic Classification of
Heartbeats Using ECG Morphology and Heartbeat Interval Features. IEEE
Trans. Biomed. Eng. 51, 1196-1206. doi:10.1109/TBME.2004.827359

Do, E., Boynton, J., Lee, B. S, and Lustgarten, D. (2022). Data Augmentation for
12-lead ECG Beat Classification. SN COMPUT. SCI. 3, 70. doi:10.1007/s42979-
021-00924-x

Duda, R. I, Hart, P. E,, and Stork, D. G. (2000). Pattern Classification. 2nd edition.
Wiley-Interscience. SBN 0-471-05669-3.

Duong, T., Rose, R., Blazeski, A., Fine, N., Woods, C. E., Thole, J. F,, et al. (2021).
Development and Optimization of an In Vivo Electrocardiogram Recording
Method and Analysis Program for Adult Zebrafish. Dis. Model. Mech. 14.
doi:10.1242/dmm.048827

Farraj, A. K., Hazari, M. S., and Cascio, W. E. (2011). The Utility of the Small
Rodent Electrocardiogram in Toxicology. Toxicol. Sci. 121, 11-30. doi:10.1093/
toxsci/kfr021

Fatimah, B., Singh, P., Singhal, A., Pramanick, D., S., P., and Pachori, R. B. (2021).
Efficient Detection of Myocardial Infarction from Single lead ECG Signal.
Biomed. Signal Process. Control. 68, 102678. doi:10.1016/j.bspc.2021.102678

Fish, R. E., Foster, M. L., Gruen, M. E., Sherman, B. L., and Dorman, D. C. (2017).
Effect of Wearing a Telemetry Jacket on Behavioral and Physiologic Parameters
of Dogs in the Open-Field Test. J. Am. Assoc. Lab. Anim. Sci. 56, 382-389.

Giada, F., Gulizia, M., Francese, M., Croci, F., Santangelo, L., Santomauro, M., et al.
(2007). Recurrent Unexplained Palpitations (RUP) Study. J. Am. Coll. Cardiol.
49, 1951-1956. doi:10.1016/j.jacc.2007.02.036

Goodfellow, I, Bengio, Y., and Courville, A. (2016). Deep Learning. Cambridge,
Massachusetts: The MIT Press. ISBN 978-0-262-03561-3.

Griin, D., Rudolph, F., Gumpfer, N., Hannig, J., Elsner, L. K., von Jeinsen, B., et al.
(2021). Identifying Heart Failure in ECG Data with Artificial Intelligence-A
Meta-Analysis. Front. Digit. Health 2, 584555. doi:10.3389/fdgth.2020.584555

Gupta, V., Mittal, M., Mittal, V., and Saxena, N. K. (2021a). A Critical Review of
Feature Extraction Techniques for ECG Signal Analysis. J. Inst. Eng. India Ser. B
102, 1049-1060. doi:10.1007/s40031-021-00606-5

Gut, P., Reischauer, S., Stainier, D. Y. R,, and Arnaout, R. (2017). Little Fish, Big
Data: Zebrafish as a Model for Cardiovascular and Metabolic Disease. Physiol.
Rev. 97, 889-938. doi:10.1152/physrev.00038.2016

Guyon, I, and Elisseeff, A. (2003). An Introduction to Variable and Feature
Selection. J. Mach Learn. Res. 3, 1157-1182.

Ha, T. W, Oh, B, and Kang, J.-O. (2020). Electrocardiogram Recordings in
Anesthetized Mice Using lead II. JoVE 160. doi:10.3791/61583

Haleem, M. S., Castaldo, R., Pagliara, S. M., Petretta, M., Salvatore, M., Franzese,
M., et al. (2021). Time Adaptive ECG Driven Cardiovascular Disease Detector.
Biomed. Signal Process. Control. 70, 102968. doi:10.1016/j.bspc.2021.102968

Hammad, M., Kandala, R. N. V. P. S,, Abdelatey, A., Abdar, M., Zomorodi-
Moghadam, M., Tan, R. S,, et al. (2021). Automated Detection of Shockable
ECG Signals: A Review. Inf. Sci. 571, 580-604. doi:10.1016/j.ins.2021.05.035

Hannun, A. Y., Rajpurkar, P., Haghpanahi, M., Tison, G. H., Bourn, C., Turakhia,
M. P, et al. (2019). Cardiologist-level Arrhythmia Detection and Classification
in Ambulatory Electrocardiograms Using a Deep Neural Network. Nat. Med.
25, 65-69. doi:10.1038/s41591-018-0268-3

Hatamian, F. N., Ravikumar, N, Vesal, S., Kemeth, F. P,, Struck, M., and Maier, A.
(2020). “The Effect of Data Augmentation on Classification of Atrial Fibrillation
in Short Single-Lead ECG Signals Using Deep Neural Networks,” in 2020 IEEE
International Conference on Acoustics, Speech and Signal Processing (Barcelona,
Spain: IEEE), 1264-1268.

Hazra, D., and Byun, Y.-C. (2020). SynSigGAN: Generative Adversarial Networks
for Synthetic Biomedical Signal Generation. Biology 9, 441. do0i:10.3390/
biology9120441

Hej¢, J., Vitek, M., Ronzhina, M., Novakovd, M., and Kolafov4, J. (2015). A
Wavelet-Based ECG Delineation Method: Adaptation to an Experimental
Electrograms with Manifested Global Ischemia. Cardiovasc. Eng. Technol. 6,
364-375. doi:10.1007/s13239-015-0224-2

Holmvang, L., Hasbak, P., Clemmensen, P., Wagner, G., and Grande, P. (1998).
Differences between Local Investigator and Core Laboratory Interpretation of the
Admission Electrocardiogram in Patients with Unstable Angina Pectoris or Non-

ECG Recording and Analysis

q-wave Myocardial Infarction (A Thrombin Inhibition in Myocardial Ischemia
[trim] Substudy). Am. J. Cardiol. 82, 54-60. doi:10.1016/S0002-9149(98)00226-4

Hu, S., Cai, W., Gao, T., Zhou, J., and Wang, M. (2021). Robust Wave-Feature
Adaptive Heartbeat Classification Based on Self-Attention Mechanism Using a
Transformer Model. Physiol. Meas. 42, 125001. doi:10.1088/1361-6579/
ac3e8810.1088/1361-6579/ac3e88

Huang, Y. H., Alexeenko, V., Tse, G., Huang, C. L.-H., Marr, C. M,, and
Jeevaratnam, K. (2020). ECG Restitution Analysis and Machine Learning to
Detect Paroxysmal Atrial Fibrillation: Insight from the Equine Athlete as a
Model for Human Athletes. Function 2. zqaa031. doi:10.1093/function/zqaa031

Hwang, Y. M., Kim, J.-H., and Kim, Y. R. (2021). Comparison of mobile
Application-Based ECG Consultation by Collective Intelligence and ECG
Interpretation by Conventional System in a Tertiary-Level Hospital. Korean
Circ. J. 51, 351-357. doi:10.4070/kcj.2020.0364

Ince, T., Kiranyaz, S., and Gabbouj, M. (2009). A Generic and Robust System for
Automated Patient-specific Classification of ECG Signals. IEEE Trans. Biomed.
Eng. 56, 1415-1426. doi:10.1109/TBME.2009.2013934

Jang, J.-H., Kim, T. Y., and Yoon, D. (2021). Effectiveness of Transfer Learning for
Deep Learning-Based Electrocardiogram Analysis. Healthc. Inform. Res. 27,
19-28. doi:10.4258/hir.2021.27.1.19

Janousek, O., Koldrovd, J., Novdkovd, M., and Provaznik, 1. (2010). Three-
dimensional Electrogram in Spherical Coordinates: Application to Ischemia
Analysis. Physiol. Res. 59, S51-S58. doi:10.33549/physiolres.932013

Janousek, O., Ronzhina, M., Kolarova, ., Provaznik, L, Stracina, T., Olejnickova, V., et al.
(2014). “Fractal Dimension of In-Vivo and Ex-Vivo Rabbit HRV Series,” in Proceedings
of the 41th International Congress on Electrocardiology. ISBN: 9788096967278.

Janousek, O., Stracina, T., Ronzhina, M., Hejc, J., Stark, T., Ruda, J., et al.
(20172017). The Effect of Haloperidol Administration on Heart Rate
Variability in Isolated Heart of Schizophrenia-like and Control Rats.
Comput. Cardiol. 44, 1-4. doi:10.22489/CinC.2017.150-161

Jothiramalingam, R., Jude, A., Patan, R,, Ramachandran, M., Duraisamy, J. H., and
Gandomi, A. H. (2021). Machine Learning-Based Left Ventricular Hypertrophy
Detection Using Multi-lead ECG Signal. Neural Comput. Applic 33, 4445-4455.
doi:10.1007/500521-020-05238-2

Jurak, P., Curila, K., Leinveber, P., Prinzen, F. W., Viscor, I, Plesinger, F., et al. (2020).
Novel Ultra-high-frequency Electrocardiogram Tool for the Description of the
Ventricular Depolarization Pattern before and during Cardiac Resynchronization.
J. Cardiovasc. Electrophysiol. 31, 300-307. doi:10.1111/jce.14299

Kalra, A., Lowe, A. and Al-Jumaily, A. (2019). Critical Review of
Electrocardiography Measurement Systems and Technology. Meas. Sci.
Technol. 30, 012001. doi:10.1088/1361-6501/aaf2b7

Kaplan Berkaya, S., Uysal, A. K, Sora Gunal, E., Ergin, S., Gunal, S., and
Gulmezoglu, M. B. (2018). A Survey on ECG Analysis. Biomed. Signal
Process. Control. 43, 216-235. doi:10.1016/j.bspc.2018.03.003

Kashou, A. H., Mulpuru, S. K., Deshmukh, A.J., Ko, W.-Y., Attia, Z. I, Carter, R. E.,
et al. (2021). An Artificial Intelligence-Enabled ECG Algorithm for
Comprehensive ECG Interpretation: Can it Pass the 'Turing Test’?
Cardiovasc. Digital Health J. 2, 164-170. doi:10.1016/j.cvdh;j.2021.04.002

Kashou, A. H., Noseworthy, P. A., Lopez-Jimenez, F., Attia, Z. 1., Kapa, S,
Friedman, P. A, et al. (2021). The Effect of Cardiac Rhythm on Artificial
Intelligence-Enabled ECG Evaluation of Left Ventricular Ejection Fraction
Prediction in Cardiac Intensive Care Unit Patients. Int. J. Cardiol. 339, 54-55.
doi:10.1016/j.ijcard.2021.07.001

Ketu, S., and Mishra, P. K. (2021). Empirical Analysis of Machine Learning Algorithms
on Imbalance Electrocardiogram Based Arrhythmia Dataset for Heart Disease
Detection. Arab J. Sci. Eng. 47, 1447-1469. doi:10.1007/s13369-021-05972-2

Khurshid, S., Friedman, S., Pirruccello, J. P., Di Achille, P., Diamant, N., Anderson,
C. D, et al. (2021). Deep Learning to Predict Cardiac Magnetic Resonance-
Derived Left Ventricular Mass and Hypertrophy from 12-lead ECGs. Circ.
Cardiovasc. Imaging 14, €012281. doi:10.1161/CIRCIMAGING.120.012281

Konopelski, P., and Ufnal, M. (2016). Electrocardiography in Rats: a
Comparison to Human. Physiol. Res. 65, 717-725. doi:10.33549/
physiolres.933270

Kozumplik, J., Ronzhina, M., Janousek, O., Kolarova, J., Provaznik, I, and
Novakova, M. (20142014). QRS Complex Detection in Experimental
Orthogonal Electrograms of Isolated Rabbit Hearts. Comput. Cardiol.,
1085-1088. ISBN: 978-1-4799-4347- 0.

Frontiers in Physiology | www.frontiersin.org

April 2022 | Volume 13 | Article 867033


https://doi.org/10.22489/CinC.2017.065-469
https://doi.org/10.1109/TBME.2004.827359
https://doi.org/10.1007/s42979-021-00924-x
https://doi.org/10.1007/s42979-021-00924-x
https://doi.org/10.1242/dmm.048827
https://doi.org/10.1093/toxsci/kfr021
https://doi.org/10.1093/toxsci/kfr021
https://doi.org/10.1016/j.bspc.2021.102678
https://doi.org/10.1016/j.jacc.2007.02.036
https://doi.org/10.3389/fdgth.2020.584555
https://doi.org/10.1007/s40031-021-00606-5
https://doi.org/10.1152/physrev.00038.2016
https://doi.org/10.3791/61583
https://doi.org/10.1016/j.bspc.2021.102968
https://doi.org/10.1016/j.ins.2021.05.035
https://doi.org/10.1038/s41591-018-0268-3
https://doi.org/10.3390/biology9120441
https://doi.org/10.3390/biology9120441
https://doi.org/10.1007/s13239-015-0224-z
https://doi.org/10.1016/S0002-9149(98)00226-4
https://doi.org/10.1088/1361-6579/ac3e8810.1088/1361-6579/ac3e88
https://doi.org/10.1088/1361-6579/ac3e8810.1088/1361-6579/ac3e88
https://doi.org/10.1093/function/zqaa031
https://doi.org/10.4070/kcj.2020.0364
https://doi.org/10.1109/TBME.2009.2013934
https://doi.org/10.4258/hir.2021.27.1.19
https://doi.org/10.33549/physiolres.932013
https://doi.org/10.22489/CinC.2017.150-161
https://doi.org/10.1007/s00521-020-05238-2
https://doi.org/10.1111/jce.14299
https://doi.org/10.1088/1361-6501/aaf2b7
https://doi.org/10.1016/j.bspc.2018.03.003
https://doi.org/10.1016/j.cvdhj.2021.04.002
https://doi.org/10.1016/j.ijcard.2021.07.001
https://doi.org/10.1007/s13369-021-05972-2
https://doi.org/10.1161/CIRCIMAGING.120.012281
https://doi.org/10.33549/physiolres.933270
https://doi.org/10.33549/physiolres.933270
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Stracina et al.

Kramer, K., Kinter, L., Brockway, B. P., Voss, H. P., Remie, R., and Van Zutphen, B.
L. (2001). The Use of Radiotelemetry in Small Laboratory Animals: Recent
Advances. Contemp. Top. Lab. Anim. Sci. 40, 8-16.

Krasnoff, S. O. (1950). The Duration of the Q-T Interval in Myocardial Infarction.
Am. Heart J. 39, 523-531. doi:10.1016/0002-8703(50)90251-1

Kumar, A., KomaragiriKumar, R. M., and Kumar, M. (2018). From Pacemaker to
Wearable: Techniques for ECG Detection Systems. J. Med. Syst. 42, 34. doi:10.
1007/s10916-017-0886-1

Kumar, A, Singh, S. K., Saxena, S., Lakshmanan, K., Sangaiah, A. K., Chauhan, H.,
et al. (2020). Deep Feature Learning for Histopathological Image Classification
of Canine Mammary Tumors and Human Breast Cancer. Inf. Sci. 508, 405-421.
doi:10.1016/.ins.2019.08.072

Kwon, J.-M., Jeon, K.-H., Kim, H. M., Kim, M. J., Lim, S. M., Kim, K.-H., et al.
(2020). Comparing the Performance of Artificial Intelligence and Conventional
Diagnosis Criteria for Detecting Left Ventricular Hypertrophy Using
Electrocardiography. EP Europace 22, 412-419. doi:10.1093/europace/euz324

Lam, A., Wagner, G. S., and Pahlm, O. (2015). The Classical versus the Cabrera
Presentation System for Resting Electrocardiography: Impact on Recognition
and Understanding of Clinically Important Electrocardiographic Changes.
J. Electrocardiol. 48, 476-482. doi:10.1016/j.jelectrocard.2015.05.011

Larsen, K., and Skulason, T. (1941). The normal Electrocardiogram. Am. Heart J.
22, 625-644. doi:10.1016/S0002-8703(41)90545-8

Le, T., Zhang, J., Nguyen, A. H,, Trigo Torres, R. S., Vo, K, Dutt, N,, et al. (2022). A
Novel Wireless ECG System for Prolonged Monitoring of Multiple Zebrafish
for Heart Disease and Drug Screening Studies. Biosens. Bioelectron. 197,
113808. doi:10.1016/j.bios.2021.113808

Lee, S., Zhou, J., Jeevaratnam, K., Wong, W. T., Wong, I. C. K., Mak, C,, et al.
(2021). Paediatric/young versus Adult Patients with Long QT Syndrome. Open
Heart 8, €001671. doi:10.1136/openhrt-2021-001671

Lima, J. L. P., Macedo, D., and Zanchettin, C. (2019). “Heartbeat Anomaly
Detection Using Adversarial Oversampling,” in 2019 International Joint
Conference on Neural Networks (IJCNN). doi:10.1109/]JCNN.2019.8852242

Liu, J.,, Tan, X,, Huang, C,, and Ji, X. (2015). “A Dual-lead Fusion Detection
Algorithm of QRS,” in Third International Conference on Cyberspace
Technology (Beijing, China: IET), 1-6.

Liu, X,, Rabin, P. L., Yuan, Y., Kumar, A., Vasallo, P., Wong, ]., et al. (2019). Effects
of Anesthetic and Sedative Agents on Sympathetic Nerve Activity. Heart
Rhythm 16, 1875-1882. doi:10.1016/j.hrthm.2019.06.017

Londhe, A. N., and Atulkar, M. (2021). Semantic Segmentation of ECG Waves
Using Hybrid Channel-Mix Convolutional and Bidirectional LSTM. Biomed.
Signal Process. Control. 63, 102162. doi:10.1016/j.bspc.2020.102162

Mandal, S., Mondal, P., and Roy, A. H. (2021). Detection of Ventricular
Arrhythmia by Using Heart Rate Variability Signal and ECG Beat Image.
Biomed. Signal Process. Control. 68, 102692. doi:10.1016/j.bspc.2021.102692

Marks, L., Borland, S., Philp, K., Ewart, L., Lainée, P., Skinner, M., et al. (2012). The
Role of the Anaesthetised guinea-pig in the Preclinical Cardiac Safety
Evaluation of Drug Candidate Compounds. Toxicol. Appl. Pharmacol. 263,
171-183. doi:10.1016/j.taap.2012.06.007

Mars§anovs, L., Ronzhina, M., Smisek, R., Vitek, M., Némcova, A., Smital, L., et al.
(2017). ECG Features and Methods for Automatic Classification of Ventricular
Premature and Ischemic Heartbeats: A Comprehensive Experimental Study.
Sci. Rep. 7, 11239. doi:10.1038/s41598-017-10942-6

McCann, A., Vesin, J.-M., Pruvot, E., Roten, L., Sticherling, C., and Luca, A. (2021).
ECG-based Indices to Characterize Persistent Atrial Fibrillation before and
during Stepwise Catheter Ablation. Front. Physiol. 12, 654053. doi:10.3389/
fphys.2021.654053

Meijler, F. L., Wittkampf, F. H. M., Brennen, K. R,, Baker, V., Wassenaar, C., and
Bakken, E. E. (1992). Electrocardiogram of the Humpback Whale (Megaptera
Noaeangliae) with Specific Reference to Atrioventricular Transmission and
Ventricular Excitation. . Am. Coll. Cardiol. 20, 475-479. doi:10.1016/0735-
1097(92)90120-c

Meng, L., Tan, W, Ma, J., Wang, R,, Yin, X,, and Zhang, Y. (2022). Enhancing
Dynamic ECG Heartbeat Classification with Lightweight Transformer Model.
Artif. Intelligence Med. 124, 102236. doi:10.1016/j.artmed.2022.102236

Mishra, A. K, and Raghav, S. (2010). Local Fractal Dimension Based ECG
Arrhythmia Classification. Biomed. Signal Process. Control. 5, 114-123.
doi:10.1016/j.bspc.2010.01.002

ECG Recording and Analysis

Mitchell, K. J., and Schwarzwald, C. C. (2021). Heart Rate Variability Analysis in
Horses for the Diagnosis of Arrhythmias. Vet. J. 268, 105590. doi:10.1016/j.tvjl.
2020.105590

Moise, N. S., Flanders, W. H., and Pariaut, R. (2020). Beat-to-beat Patterning of
Sinus Rhythm Reveals Non-linear Rhythm in the Dog Compared to the
Human. Front. Physiol. 10, 1548. doi:10.3389/fphys.2019.01548

Mongue-Din, H., Salmon, A., Fiszman, M. Y., and Fromes, Y. (2007). Non-invasive
Restrained ECG Recording in Conscious Small Rodents: a New Tool for
Cardiac Electrical Activity Investigation. Pflugers Arch. - Eur. ]. Physiol. 454,
165-171. doi:10.1007/s00424-006-0197-8

Mousavi, S., Afghah, F., Khadem, F., and Acharya, U. R. (2021). ECG Language
Processing (ELP): A New Technique to Analyze ECG Signals. Comp. Methods
Programs Biomed. 202, 105959. d0i:10.1016/j.cmpb.2021.105959

Murat, F., Sadak, F., Yildirim, O., Talo, M., Murat, E., Karabatak, M., et al. (2021a).
Review of Deep Learning-Based Atrial Fibrillation Detection Studies. Ijerph 18,
11302. doi:10.3390/ijerph182111302

Murat, F., Yildirim, O., Talo, M., Baloglu, U. B., Demir, Y., and Acharya, U. R.
(2020). Application of Deep Learning Techniques for Heartbeats Detection
Using ECG Signals-Analysis and Review. Comput. Biol. Med. 120, 103726.
doi:10.1016/j.compbiomed.2020.103726

Murat, F,, Yildirim, O., Talo, M., Demir, Y., Tan, R.-S., Ciaccio, E. J., et al. (2021b).
Exploring Deep Features and ECG Attributes to Detect Cardiac Rhythm Classes.
Knowledge-Based Syst. 232, 107473. doi:10.1016/j.knosys.2021.107473

Nardelli, M., Lanata, A., Valenza, G., Felici, M., Baragli, P., and Scilingo, E. P.
(2020). A Tool for the Real-Time Evaluation of ECG Signal Quality and
Activity: Application to Submaximal Treadmill Test in Horses. Biomed.
Signal Process. Control. 56, 101666. doi:10.1016/j.bspc.2019.101666

Natarajan, A., Boverman, G., Chang, Y., Antonescu, C., and Rubin, J. (2021).
Convolution-free Waveform Transformers for Multi-lead ECG Classification.
Comput. Cardiol. 2021. doi:10.23919/CinC53138.2021.9662697

Nimani, S., Hornyik, T., Alerni, N., Lewetag, R., Giammarino, L., Perez-Feliz, S., et al.
(2021). Differences in Extent of Mechano-Induced QT-Changes in SQTS, WT and
LQTS Rabbit Models. Eur. Heart J. 42, 3213. doi:10.1093/eurheartj/ehab724.3213

Nonaka, N, and Seita, J. (2021). “RandECG: Data Augmentation for Deep Neural
Network Based ECG Classification,” in The 35th Annual Conference of the
Japanese Society for Artificial Intelligence, 1-8.

Novotna, P., Hejc, ., Ronzhina, M., Janousek, O., Stracina, T., Olejnickova, V., etal.
(2017). Analysis of Hemodynamic Related Changes in High Frequency Content
of QRS Complex in Working Isolated Rabbit Heart. Comput. Cardiol. ISBN:
978-1-5090-0684-7. doi:10.22489/cinc.2017.293-442

Novotna, P., Vicar, T., Hejc, J., Ronzhina, M., and Kolarova, J. (2020). Deep-
learning Premature Contraction Localization in 12-lead ECG from Whole
Signal Annotations. Comput. Cardiol. doi:10.22489/CinC.2020.193

Olejnickova, V., Novakova, M., and Provaznik, I. (2015). Isolated Heart Models:
Cardiovascular System Studies and Technological Advances. Med. Biol. Eng.
Comput. 53, 669-678. doi:10.1007/s11517-015-1270-2

Omoto, A. C. M,, Lataro, R. M., Silva, T. M., Salgado, H. C,, Fazan, R,, and Silva, L. E.
V. (2021). Heart Rate Fragmentation, a Novel Approach in Heart Rate Variability
Analysis, Is Altered in Rats 4 and 12 Weeks after Myocardial Infarction. Med. Biol.
Eng. Comput. 59, 2373-2382. doi:10.1007/s11517-021-02441-8

Osowski, S., Hoai, L. T., and Markiewicz, T. (2004). Support Vector Machine-Based
Expert System for Reliable Heartbeat Recognition. IEEE Trans. Biomed. Eng. 51,
582-589. doi:10.1109/TBME.2004.824138

Packard, J. M., Graettinger, J. S., and Graybiel, A. (1954). Analysis of the
Electrocardiograms ~Obtained from 1000 Young Healthy Aviators.
Circulation 10, 384-400. doi:10.1161/01.CIR.10.3.384

Pan, J., and Tompkins, W. J. (1985). A Real-Time QRS Detection Algorithm. IEEE
Trans. Biomed. Eng. BME-32, 230-236. doi:10.1109/tbme.1985.325532

Park, K. L., Lee, K. J., and Yoon, H. R. (1998). Application of a Wavelet Adaptive
Filter to Minimise Distortion of the ST-Segment. Med. Biol. Eng. Comput. 36,
581-586. doi:10.1007/BF02524427

Parsi, A., Byrne, D., Glavin, M., and Jones, E. (2021a). Heart Rate Variability
Feature Selection Method for Automated Prediction of Sudden Cardiac Death.
Biomed. Signal Process. Control. 65, 102310. doi:10.1016/j.bspc.2020.102310

Parsi, A., Glavin, M., Jones, E., and Byrne, D. (2021b). Prediction of Paroxysmal
Atrial Fibrillation Using New Heart Rate Variability Features. Comput. Biol.
Med. 133, 104367. doi:10.1016/j.compbiomed.2021.104367

Frontiers in Physiology | www.frontiersin.org

18

April 2022 | Volume 13 | Article 867033


https://doi.org/10.1016/0002-8703(50)90251-1
https://doi.org/10.1007/s10916-017-0886-1
https://doi.org/10.1007/s10916-017-0886-1
https://doi.org/10.1016/j.ins.2019.08.072
https://doi.org/10.1093/europace/euz324
https://doi.org/10.1016/j.jelectrocard.2015.05.011
https://doi.org/10.1016/S0002-8703(41)90545-8
https://doi.org/10.1016/j.bios.2021.113808
https://doi.org/10.1136/openhrt-2021-001671
https://doi.org/10.1109/IJCNN.2019.8852242
https://doi.org/10.1016/j.hrthm.2019.06.017
https://doi.org/10.1016/j.bspc.2020.102162
https://doi.org/10.1016/j.bspc.2021.102692
https://doi.org/10.1016/j.taap.2012.06.007
https://doi.org/10.1038/s41598-017-10942-6
https://doi.org/10.3389/fphys.2021.654053
https://doi.org/10.3389/fphys.2021.654053
https://doi.org/10.1016/0735-1097(92)90120-c
https://doi.org/10.1016/0735-1097(92)90120-c
https://doi.org/10.1016/j.artmed.2022.102236
https://doi.org/10.1016/j.bspc.2010.01.002
https://doi.org/10.1016/j.tvjl.2020.105590
https://doi.org/10.1016/j.tvjl.2020.105590
https://doi.org/10.3389/fphys.2019.01548
https://doi.org/10.1007/s00424-006-0197-8
https://doi.org/10.1016/j.cmpb.2021.105959
https://doi.org/10.3390/ijerph182111302
https://doi.org/10.1016/j.compbiomed.2020.103726
https://doi.org/10.1016/j.knosys.2021.107473
https://doi.org/10.1016/j.bspc.2019.101666
https://doi.org/10.23919/CinC53138.2021.9662697
https://doi.org/10.1093/eurheartj/ehab724.3213
https://doi.org/10.22489/cinc.2017.293-442
https://doi.org/10.22489/CinC.2020.193
https://doi.org/10.1007/s11517-015-1270-2
https://doi.org/10.1007/s11517-021-02441-8
https://doi.org/10.1109/TBME.2004.824138
https://doi.org/10.1161/01.CIR.10.3.384
https://doi.org/10.1109/tbme.1985.325532
https://doi.org/10.1007/BF02524427
https://doi.org/10.1016/j.bspc.2020.102310
https://doi.org/10.1016/j.compbiomed.2021.104367
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Stracina et al.

Peimankar, A., and Puthusserypady, S. (2021). DENS-ECG: A Deep Learning
Approach for ECG Signal Delineation. Expert Syst. Appl. 165, 113911. doi:10.
1016/j.eswa.2020.113911

Perez Alday, E. A, Gu, A,, ] Shah, A,, Robichaux, C., Ian Wong, A. K, Liu, C,, et al.
(2021). Classification of 12-lead ECGs: the PhysioNet/Computing in Cardiology
Challenge 2020. Physiol. Meas. 41, 124003. doi:10.1088/1361-6579/abc960

Phang, S. H., and White, P. D. (1943). The Duration of Ventricular Systole as
Measured by the Q-T Interval of the Electrocardiogram, with Especial
Reference to Cardiac Enlargement with and without Congestive Failure.
Am. Heart J. 26, 108-113. doi:10.1016/S0002-8703(43)90055-9

Piantoni, C., Carnevali, L., Molla, D., Barbuti, A., DiFrancesco, D., Bucchi, A., et al.
(2021). Age-related Changes in Cardiac Autonomic Modulation and Heart Rate
Variability in Mice. Front. Neurosci. 15, 617698. doi:10.3389/fnins.2021.617698

Plesinger, F., Klimes, P., Halamek, J., and Jurak, P. (2016). Taming of the Monitors:
Reducing False Alarms in Intensive Care Units. Physiol. Meas. 37, 1313-1325.
doi:10.1088/0967-3334/37/8/1313

Radhakrishnan, T., Karhade, J., Ghosh, S. K., Muduli, P. R,, Tripathy, R. K., and Acharya,
U. R. (2021). AFCNNet: Automated Detection of AF Using Chirplet Transform and
Deep Convolutional Bidirectional Long Short Term Memory Network with ECG
Signals. Comput. Biol. Med. 137, 104783. doi:10.1016/j.compbiomed.2021.104783

Rahul, J., and Sharma, L. D. (2022). Artificial Intelligence-Based Approach for Atrial
Fibrillation Detection Using Normalised and Short-Duration Time-Frequency
ECG. Biomed. Signal Process. Control. 71, 103270. doi:10.1016/j.bspc.2021.103270

Rasmussen, C. E., Falk, T., Zois, N. E., Moesgaard, S. G., Higgstrom, J., Pedersen,
H. D, etal. (2012). Heart Rate, Heart Rate Variability, and Arrhythmias in Dogs
with Myxomatous Mitral Valve Disease. J. Vet. Intern. Med. 26, 76-84. doi:10.
1111/j.1939-1676.2011.00842.x

Rautaharju, P. M. (2016). Eyewitness to History: Landmarks in the Development of
Computerized Electrocardiography. J. Electrocardiol. 49, 1-6. doi:10.1016/j.
jelectrocard.2015.11.002

Ravi, D., Wong, C., Deligianni, F., Berthelot, M., Andreu-Perez, J., Lo, B., et al.
(2017). Deep Learning for Health Informatics. IEEE J. Biomed. Health Inform.
21, 4-21. doi:10.1109/JBHI.2016.2636665

Redfors, B., Shao, Y., and Omerovic, E. (2014). Influence of Anesthetic Agent,
Depth of Anesthesia and Body Temperature on Cardiovascular Functional
Parameters in the Rat. Lab. Anim. 48, 6-14. doi:10.1177/0023677213502015

Reyna, M. A, Sadr, N, Perez Alday, E. A, Gu, A, Shah, A. ], Robichaux, C,, et al.
(20212021). Will Two Do? Varying Dimensions in Electrocardiography: The
PhysioNet/Computing in Cardiology Challenge 2021. Comput. Cardiol. 48, 1-4.

Ribeiro, A. H., Ribeiro, M. H., Paixdo, G. M. M,, Oliveira, D. M., Gomes, P. R,
Canazart, J. A, et al. (2020). Automatic Diagnosis of the 12-lead ECG Using a
Deep Neural Network. Nat. Commun. 11, 1760. doi:10.1038/s41467-020-15432-4

Ronzhina, M., Olejnickova, V., Stracina, T., Novakova, M., Janousek, O., Hejc, J.,
etal. (2017). Effect of Increased Left Ventricle Mass on Ischemia Assessment in
Electrocardiographic Signals: Rabbit Isolated Heart Study. BMC Cardiovasc.
Disord. 17, 11. doi:10.1186/s12872-017-0652-9

Ronzhina, M., Stracina, T., Lacinova, L., Ondacova, K., Pavlovicova, M.,
Marsanova, L., et al. (2021). Di-4-ANEPPS Modulates Electrical Activity
and Progress of Myocardial Ischemia in Rabbit Isolated Heart. Front.
Physiol. 12, 12. doi:10.3389/fphys.2021.667065

Rowan, W. H., Campen, M. J., Wichers, L. B., and Watkinson, W. P. (2007). Heart
Rate Variability in Rodents: Uses and Caveats in Toxicological Studies.
Cardiovasc. Toxicol. 7, 28-51. doi:10.1007/s12012-007-0004-6

Rueda, C., Larriba, Y., and Lamela, A. (2021). The Hidden Waves in the ECG
Uncovered Revealing a Sound Automated Interpretation Method. Sci. Rep. 11,
3724. doi:10.1038/s41598-021-82520-w

Ruppert, S., Vormberge, T., Igl, B.-W., and Hoffmann, M. (2016). ECG Telemetry
in Conscious guinea Pigs. J. Pharmacol. Toxicol. Methods 81, 88-98. doi:10.
1016/j.vascn.2016.04.013

Saeed, J. N, and Ameen, S. Y. (2021). Smart Healthcare for ECG Telemonitoring
System. J. Soft Comput. Data Mining 2, 75-85. doi:10.30880/jscdm.2021.02.
02.007

Saini, S. K., and Gupta, R. (2021). Artificial Intelligence Methods for Analysis of
Electrocardiogram Signals for Cardiac Abnormalities: State-Of-The-Art and
Future Challenges. Artif. Intell. Rev. 55, 1519-1565. doi:10.1007/s10462-021-
09999-7

Sakaguchi, Y., Takahara, A., Nakamura, Y., Akie, Y., and Sugiyama, A. (2009).
Halothane-anaesthetized, Closed-Chest, guinea-pig Model for Assessment of

ECG Recording and Analysis

Drug-Induced QT-Interval Prolongation. Basic Clin. Pharmacol. Toxicol. 104,
43-48. doi:10.1111/j.1742-7843.2008.00312.x

Salem, M., Taheri, S., and Yuan, J.-S. (20182018). ECG Arrhythmia Classification
Using Transfer Learning from 2- Dimensional Deep CNN Features. IEEE
Biomed. Circuits Syst. Conf. (Biocas). doi:10.1109/BIOCAS.2018.8584808

Salerno, S. M., Alguire, P. C., and Waxman, H. S. (2003). Competency in
Interpretation of 12-lead Electrocardiograms: a Summary and Appraisal of
Published Evidence. Ann. Intern. Med. 138, 751-760. doi:10.7326/0003-4819-
138-9-200305060-00013

Sangaiah, A. K., Arumugam, M., and Bian, G.-B. (2020). An Intelligent Learning
Approach for Improving ECG Signal Classification and Arrhythmia Analysis.
Artif. intelligence Med. 103, 101788. doi:10.1016/j.artmed.2019.101788

Sano, Y., Ito, S., Yoneda, M., Nagasawa, K., Matsuura, N., Yamada, Y., et al. (2016).
Effects of Various Types of Anesthesia on Hemodynamics, Cardiac Function,
and Glucose and Lipid Metabolism in Rats. Am. J. Physiology-Heart Circulatory
Physiol. 311, H1360-H1366. doi:10.1152/ajpheart.00181.2016

Satija, U., Ramkumar, B., and Manikandan, M. S. (2018). A Review of Signal
Processing Techniques for Electrocardiogram Signal Quality Assessment. I[EEE
Rev. Biomed. Eng. 11, 36-52. doi:10.1109/RBME.2018.2810957

S., C. V., and E, R. (2021). A Novel Deep Learning Based Gated Recurrent Unit
with Extreme Learning Machine for Electrocardiogram (ECG) Signal
Recognition. Biomed. Signal Process. Control. 68, 102779. doi:10.1016/j.bspc.
2021.102779

Silva, P., Luz, E., Silva, G., Moreira, G., Wanner, E., Vidal, F., et al. (2020). Towards
Better Heartbeat Segmentation with Deep Learning Classification. Sci. Rep. 10,
20701. doi:10.1038/s41598-020-77745-0

Simonson, E., Brozek, J., and Keys, A. (1949). Variability of the Electrocardiogram
in normal Young Men. Am. Heart J. 38, 407-422. doi:10.1016/0002-8703(49)
90852-2

Skinner, M., Xing, G., Lu, J., Ren, J., and Oldman, K. (2017). Detecting Drug-
Induced Changes in ECG Parameters Using Jacketed Telemetry: Effect of
Different Data Reduction Techniques. J. Pharmacol. Toxicol. Methods 85,
38-48. doi:10.1016/j.vascn.2016.12.004

Smisek, R., Hejc, J., Ronzhina, M., Nemcova, A., Marsanova, L., Kolarova, J., et al.
(2018). Multi-stage SVM Approach for Cardiac Arrhythmias Detection in
Short Single-lead ECG Recorded by a Wearable Device. Physiol. Meas. 39,
094003. doi:10.1088/1361-6579/aad9e7

Smital, L., Haider, C. R,, Vitek, M., Leinveber, P., Jurak, P., Nemcova, A., et al.
(2020). Real-time Quality Assessment of Long-Term ECG Signals Recorded by
Wearables in Free-Living Conditions. IEEE Trans. Biomed. Eng. 67,2721-2734.
doi:10.1109/TBME.2020.2969719

Smulyan, H. (2019). The Computerized ECG: Friend and Foe. Am. J. Med. 132,
153-160. doi:10.1016/j.amjmed.2018.08.025

Soroudi, A., Herndndez, N., Berglin, L., and Nierstrasz, V. (2019). Electrode
Placement in  Electrocardiography =~ Smart Garments: A  Review.
J. Electrocardiol. 57, 27-30. doi:10.1016/j.jelectrocard.2019.08.015

Soto, J. T., Hughes, J. W., Sanchez, P. A., Perez, M., Ouyang, D., and Ashley, E.
(2021). Multimodal Deep Learning Enhances Diagnostic Precision in Left
Ventricular Hypertrophy. medRxiv 13, 2125886. [Preprint] (Accessed
O6Januar 12, 2022). doi:10.1101/2021.06.13.21258860

Spier, A. W., and Meurs, K. M. (2004). Assessment of Heart Rate Variability in
Boxers with Arrhythmogenic Right Ventricular Cardiomyopathy. J. Am. Vet.
Med. Assoc. 224, 534-537. doi:10.2460/javma.2004.224.534

Stracina, T., Ronzhina, M., Stark, T., Ruda, J., Olsanska, E., Vesely, P., et al. (2016).
Prolonged QT Interval in Neurodevelopmental Rat Model of Schizophrenia.
Comput. Cardiol. Conf. 1049-1052. ISBN: 978-1-5090-0895-7.7. doi:10.22489/
¢inc.2016.302-288

Sun, L, Lu, Y., Yang, K,, and Li, S. (2012). ECG Analysis Using Multiple Instance
Learning for Myocardial Infarction Detection. IEEE Trans. Biomed. Eng. 59,
3348-3356. doi:10.1109/TBME.2012.2213597

Taddei, A., Distante, G., Emdin, M., Pisani, P., Moody, G. B., Zeelenberg, C., et al.
(1992). The European ST-T Database: Standard for Evaluating Systems for the
Analysis of ST-T Changes in Ambulatory Electrocardiography. Eur. Heart J. 13,
1164-1172. doi:10.1093/oxfordjournals.eurheartj.a060332

Tarvainen, M. P., Niskanen, J.-P., Lipponen, J. A. Ranta-aho, P. O., and
Karjalainen, P. A. (2014). Kubios HRV - Heart Rate Variability Analysis
Software. Comp. Methods Programs Biomed. 113, 210-220. doi:10.1016/j.
cmpb.2013.07.024

Frontiers in Physiology | www.frontiersin.org

April 2022 | Volume 13 | Article 867033


https://doi.org/10.1016/j.eswa.2020.113911
https://doi.org/10.1016/j.eswa.2020.113911
https://doi.org/10.1088/1361-6579/abc960
https://doi.org/10.1016/S0002-8703(43)90055-9
https://doi.org/10.3389/fnins.2021.617698
https://doi.org/10.1088/0967-3334/37/8/1313
https://doi.org/10.1016/j.compbiomed.2021.104783
https://doi.org/10.1016/j.bspc.2021.103270
https://doi.org/10.1111/j.1939-1676.2011.00842.x
https://doi.org/10.1111/j.1939-1676.2011.00842.x
https://doi.org/10.1016/j.jelectrocard.2015.11.002
https://doi.org/10.1016/j.jelectrocard.2015.11.002
https://doi.org/10.1109/JBHI.2016.2636665
https://doi.org/10.1177/0023677213502015
https://doi.org/10.1038/s41467-020-15432-4
https://doi.org/10.1186/s12872-017-0652-9
https://doi.org/10.3389/fphys.2021.667065
https://doi.org/10.1007/s12012-007-0004-6
https://doi.org/10.1038/s41598-021-82520-w
https://doi.org/10.1016/j.vascn.2016.04.013
https://doi.org/10.1016/j.vascn.2016.04.013
https://doi.org/10.30880/jscdm.2021.02.02.007
https://doi.org/10.30880/jscdm.2021.02.02.007
https://doi.org/10.1007/s10462-021-09999-7
https://doi.org/10.1007/s10462-021-09999-7
https://doi.org/10.1111/j.1742-7843.2008.00312.x
https://doi.org/10.1109/BIOCAS.2018.8584808
https://doi.org/10.7326/0003-4819-138-9-200305060-00013
https://doi.org/10.7326/0003-4819-138-9-200305060-00013
https://doi.org/10.1016/j.artmed.2019.101788
https://doi.org/10.1152/ajpheart.00181.2016
https://doi.org/10.1109/RBME.2018.2810957
https://doi.org/10.1016/j.bspc.2021.102779
https://doi.org/10.1016/j.bspc.2021.102779
https://doi.org/10.1038/s41598-020-77745-0
https://doi.org/10.1016/0002-8703(49)90852-2
https://doi.org/10.1016/0002-8703(49)90852-2
https://doi.org/10.1016/j.vascn.2016.12.004
https://doi.org/10.1088/1361-6579/aad9e7
https://doi.org/10.1109/TBME.2020.2969719
https://doi.org/10.1016/j.amjmed.2018.08.025
https://doi.org/10.1016/j.jelectrocard.2019.08.015
https://doi.org/10.1101/2021.06.13.21258860
https://doi.org/10.2460/javma.2004.224.534
https://doi.org/10.22489/cinc.2016.302-288
https://doi.org/10.22489/cinc.2016.302-288
https://doi.org/10.1109/TBME.2012.2213597
https://doi.org/10.1093/oxfordjournals.eurheartj.a060332
https://doi.org/10.1016/j.cmpb.2013.07.024
https://doi.org/10.1016/j.cmpb.2013.07.024
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Stracina et al.

Task Force of the European Society of Cardiology and the North American Society
of Pacing and Electrophysiology (1996). Heart Rate Variability: Standards of
Measurement, Physiological Interpretation and Clinical Use. Task Force of the
European Society of Cardiology and the North American Society of Pacing and
Electrophysiology. Circulation 93, 1043-1065.

Thambawita, V., Isaksen, J. L., Hicks, S. A., Ghouse, J., Ahlberg, G., Linneberg, A.,
et al. (2021). DeepFake Electrocardiograms Using Generative Adversarial
Networks Are the Beginning of the End for Privacy Issues in Medicine. Sci.
Rep. 11, 21896. doi:10.1038/s41598-021-01295-2

Theodoridis, S., and Koutroumbas, K. (2009). Pattern Recognition. 4th edition.
Elsevier. ISBN 978-1-59749-272-0.

Tong, Y., Sun, Y., Zhou, P., Shen, Y., Jiang, H., Sha, X,, et al. (2021). Locating
Abnormal Heartbeats in ECG Segments Based on Deep Weakly Supervised
Learning. Biomed. Signal Process. Control. 68, 102674. doi:10.1016/j.bspc.2021.
102674

Tontodonati, M., Fasdelli, N., and Dorigatti, R. (2011). An Improved Method of
Electrode Placement in Configuration Lead II for the Reliable ECG Recording
by Telemetry in the Conscious Rat. J. Pharmacol. Toxicol. Methods 63, 1-6.
doi:10.1016/j.vascn.2010.03.001

Tripathy, R. K., Bhattacharyya, A., and Pachori, R. B. (2019). Localization of
Myocardial Infarction from Multi-lead ECG Signals Using Multiscale Analysis
and Convolutional Neural Network. IEEE Sensors J. 19, 11437-11448. doi:10.
1109/JSEN.2019.2935552

Tsai, T. L., Fridsma, D. B., and Gatti, G. (2003). Computer Decision Support as a
Source of Interpretation Error: the Case of Electrocardiograms. J. Am. Med.
Inform. Assoc. 10, 478-483. doi:10.1197/jamia.M1279

Van Mieghem, C., Sabbe, M., and Knockaert, D. (2004). The Clinical Value of the
ECG in Noncardiac Conditions. Chest 125, 1561-1576. doi:10.1378/chest.125.4.
1561

Vesely, P., Stracina, T., Hlavacova, M., Halamek, J., Kolarova, J., Olejnickova, V.,
et al. (2019). Haloperidol Affects Coupling between QT and RR Intervals in
guinea Pig Isolated Heart. J. Pharmacol. Sci. 139, 23-28. doi:10.1016/j.jphs.
2018.11.004

Vicar, T., Hejc, J., Novotna, P., Ronzhina, M., and Janousek, O. (2020). ECG
Abnormalities Recognition Using Convolutional Network with Global Skip
Connections and Custom Loss Function. Comput. Cardiol. doi:10.22489/CinC.
2020.189

Vidhya, R. B., and Jerritta, S. (2022). Pre-processing ECG Signals for Smart home
Material Application. Mater. Today Proc. 49, 2955-2961. doi:10.1016/j.matpr.
2021.11.367

Vornanen, M., and Hassinen, M. (2016). Zebrafish Heart as a Model for Human
Cardiac Electrophysiology. Channels 10, 101-110. doi:10.1080/19336950.2015.
1121335

Vuoti, A. O., Tulppo, M. P, Ukkola, O. H., Junttila, M. J., Huikuri, H. V., Kiviniemi,
A. M., et al. (2021). Prognostic Value of Heart Rate Variability in Patients with
Coronary Artery Disease in the Current Treatment Era. PloS one 16, €0254107.
doi:10.1371/journal.pone.0254107

Walia, A., and Kaul, A. (2020). QRS Detection Using Dual Window Fourier
Transform. 4th Int. Conf. Electron. Commun. Aerospace Tech. (Iceca), 314-318.
doi:10.1109/ICECA49313.2020.9297488

Waller, A. D. (1887). A Demonstration on Man of Electromotive Changes
Accompanying the Heart’s Beat. J. Physiol. 8, 229-234. doi:10.1113/jphysiol.
1887.sp000257

ECG Recording and Analysis

Wehrens, X., Kirchhoff, S., and Doevendans, P. A. (2000). Mouse
Electrocardiography an Interval of Thirty Years. Cardiovasc. Res. 45,
231-237. doi:10.1016/s0008-6363(99)00335-1

Weimann, K., and Conrad, T. O. F. (2021). Transfer Learning for ECG
Classification. Sci. Rep. 11, 5251. doi:10.1038/s41598-021-84374-8

Wojcik, D., Rymarczyk, T., Oleszek, M., Maciura, L., and Bednarczuk, P. (2021).
“Diagnosing Cardiovascular Diseases with Machine Learning on Body Surface
Potential Mapping Data,” in SenSys 2021: Proceedings of the 19th ACM
Conference on Embedded Networked Sensor Systems, 379-381. doi:10.1145/
3485730.3492883

Wren-Dail, M. A, Dauchy, R. T., Blask, D. E., Hill, S. M., Ooms, T. G., Dupepe, L.
M., et al. (2017). Effect of Isoflurane Anesthesia on Circadian Metabolism and
Physiology in Rats. Comp. Med. 67, 138-146.

Xiong, P., Xue, Y., Zhang, J., Liu, M., Du, H,, Zhang, H,, et al. (2021). Localization of
Myocardial Infarction with Multi-lead ECG Based on DenseNet. Comp.
Methods Programs Biomed. 203, 106024. doi:10.1016/j.cmpb.2021.106024

Xue, J., and Yu, L. (2021). Applications of Machine Learning in Ambulatory ECG.
Hearts 2, 472-494. doi:10.3390/hearts2040037

Yildiim, O., Plawiak, P., Tan, R.-S., and Acharya, U. R. (2018). Arrhythmia
Detection Using Deep Convolutional Neural Network with Long Duration
ECG Signals. Comput. Biol. Med. 102, 411-420. doi:10.1016/j.compbiomed.
2018.09.009

Yu, Z, Song, J., Cheng, L., Li, S., Lu, Q., Zhang, Y., et al. (2021). Peguero-Lo Presti
Criteria for the Diagnosis of Left Ventricular Hypertrophy: A Systematic
Review and Meta-Analysis. PLOS ONE 16, €0246305. doi:10.1371/journal.
pone.0246305

Zhang, D., Wang, S., Li, F., Wang, J., Sangaiah, A. K., Sheng, V. S, et al. (2019). An
ECG Signal De-noising Approach Based on Wavelet Energy and Sub-band
Smoothing Filter. Appl. Sci. 9, 4968. doi:10.3390/app9224968

Zhu, W., Chen, X., Wang, Y., and Wang, L. (2019). Arrhythmia Recognition
and Classification Using ECG Morphology and Segment Feature Analysis.
Ieee/acm Trans. Comput. Biol. Bioinf. 16, 131-138. doi:10.1109/TCBB.
2018.2846611

Zimmer, H.-G. (1998). The Isolated Perfused Heart and its Pioneers. Physiology 13,
203-210. doi:10.1152/physiologyonline.1998.13.4.203

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

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

Copyright © 2022 Stracina, Ronzhina, Redina and Novakova. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Physiology | www.frontiersin.org

20

April 2022 | Volume 13 | Article 867033


https://doi.org/10.1038/s41598-021-01295-2
https://doi.org/10.1016/j.bspc.2021.102674
https://doi.org/10.1016/j.bspc.2021.102674
https://doi.org/10.1016/j.vascn.2010.03.001
https://doi.org/10.1109/JSEN.2019.2935552
https://doi.org/10.1109/JSEN.2019.2935552
https://doi.org/10.1197/jamia.M1279
https://doi.org/10.1378/chest.125.4.1561
https://doi.org/10.1378/chest.125.4.1561
https://doi.org/10.1016/j.jphs.2018.11.004
https://doi.org/10.1016/j.jphs.2018.11.004
https://doi.org/10.22489/CinC.2020.189
https://doi.org/10.22489/CinC.2020.189
https://doi.org/10.1016/j.matpr.2021.11.367
https://doi.org/10.1016/j.matpr.2021.11.367
https://doi.org/10.1080/19336950.2015.1121335
https://doi.org/10.1080/19336950.2015.1121335
https://doi.org/10.1371/journal.pone.0254107
https://doi.org/10.1109/ICECA49313.2020.9297488
https://doi.org/10.1113/jphysiol.1887.sp000257
https://doi.org/10.1113/jphysiol.1887.sp000257
https://doi.org/10.1016/s0008-6363(99)00335-1
https://doi.org/10.1038/s41598-021-84374-8
https://doi.org/10.1145/3485730.3492883
https://doi.org/10.1145/3485730.3492883
https://doi.org/10.1016/j.cmpb.2021.106024
https://doi.org/10.3390/hearts2040037
https://doi.org/10.1016/j.compbiomed.2018.09.009
https://doi.org/10.1016/j.compbiomed.2018.09.009
https://doi.org/10.1371/journal.pone.0246305
https://doi.org/10.1371/journal.pone.0246305
https://doi.org/10.3390/app9224968
https://doi.org/10.1109/TCBB.2018.2846611
https://doi.org/10.1109/TCBB.2018.2846611
https://doi.org/10.1152/physiologyonline.1998.13.4.203
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

	Golden Standard or Obsolete Method? Review of ECG Applications in Clinical and Experimental Context
	1 Introduction
	2 ECG Recording
	2.1 Clinical Perspective
	2.2 Animal Perspective

	3 ECG Analysis
	3.1 Pre-Computer Era
	3.2 Computer-Aided Analysis
	3.2.1 What Are the Benefits?
	3.2.2 Basic Pipeline: From Digital Filters to Deep Learning Models
	3.2.3 ECG Pre-Processing
	3.2.3.1 Clinical Perspective
	3.2.3.2 Animal Perspective
	3.2.4 Feature-Based Techniques
	3.2.4.1 Clinical Perspective
	3.2.4.2 Animal Perspective
	3.2.5.1 Clinical Perspective – Focused Applications

	3.3 Current Issues and Future Directions
	3.3.1 Transfer Learning: Sharing the Knowledge Among Areas
	3.3.2 Imbalanced Data Problem: Minority Is Out of Game
	3.3.3 Understandable Means Credible: Open the Black Box
	3.3.4 Huge Amount of Data: Make It Easier With Multiple-Instance Learning
	3.3.5 Deep Learning Expansion: Need for Control


	4 Final Remarks
	Author Contributions
	Funding
	References


