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Simple Summary

Ventricular arrhythmias represent a leading cause of sudden cardiac death and remain a
critical challenge in cardiovascular medicine. Their multifactorial mechanisms and sub-
stantial fatality risk continue to drive intensive research focused on clarifying arrhythmo-
genic pathways and optimizing preventive and therapeutic approaches. Large-animal
models are central to this effort because they more faithfully reflect human cardiac struc-
ture and electrophysiological properties than small-animal systems. Species most fre-
quently used in this field include dogs, cats, pigs, sheep, and goats. Although canine mod-
els have contributed extensively to mechanistic and translational insights, their contem-
porary use is increasingly limited by regulatory constraints and ethical considerations.
Ovine and caprine models, while less prevalent, provide complementary information and
have supported progress in selected applications. Among available large-animal plat-
forms, porcine models are widely considered the most translationally relevant, given the
close anatomical and electrophysiological correspondence between pig and human hearts
and the practicality of reproducibly inducing ventricular arrhythmias, particularly in
acute ischemia following coronary occlusion. Importantly, large-animal studies remain
indispensable for the preclinical assessment of emerging pharmacotherapies, interven-
tional strategies, and medical devices prior to evaluation in humans. This article synthe-
sizes representative studies using large-animal ventricular arrhythmia models, with a fo-
cus on reported materials and methodological approaches.

Abstract

Ventricular arrhythmias are among the most life-threatening cardiac rhythm disturb-
ances. Owing to their complex pathophysiology and high mortality risk, they remain a
major focus of research aimed at elucidating underlying mechanisms and improving pre-
vention and therapeutic strategies. In this context, animal models—particularly large-an-
imal models—are of pivotal importance because they more closely recapitulate human
cardiac anatomy and electrophysiology. The most commonly used species include dogs,
cats, pigs, sheep and goats. Dogs have historically played a prominent role in ventricular
arrhythmia research; however, their use is increasingly constrained by legal regulations
and ethical-societal considerations. Sheep and goats, although employed less frequently,
have also contributed meaningfully to advances in the field. Among large-animal models,
swine are regarded as especially promising, largely due to the similarity between porcine
and human hearts and the feasibility of reliably inducing ventricular arrhythmias,
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particularly under conditions of acute ischemia associated with coronary artery occlusion.
Large-animal models are also indispensable for the preclinical evaluation of novel drugs,
therapeutic approaches, and medical devices prior to translation into human studies. In
this article, we review selected investigations employing large-animal models of ventric-
ular arrhythmias, with particular emphasis on the materials and methods reported in the
cited literature.

Keywords: large-animal models; ventricular arrhythmias; pigs; dogs; cats; sheep; goats

1. Introduction

Ventricular arrhythmias are life-threatening, and both basic and applied research are
attempting to find answers on how to prevent their occurrence and how to treat them. The
evaluation of the complex interplay between various cell types in the heart, including car-
diomyocytes from the conduction system and the working myocardium, fibroblasts, and
cardiac immune cells, remains a major challenge in arrhythmia research because it can be
investigated only in vivo. Research on ventricular arrhythmias in animal models has long
played an important role in understanding their mechanisms and developing treatment
strategies. Without animal models, it would be impossible to understand many mecha-
nisms of ventricular arrhythmias and develop effective pharmacological and non-phar-
macological treatments. In studies of ventricular arrhythmias, large-animal models offer
many advantages over small-animal models. A major limitation of small-animal models
is that their fast heart rate, small heart size, and differential ionic currents do not fully
recapitulate human cardiac electrophysiology. Although large-animal models obviously
have their limitations, their role in research cannot be overestimated. Dogs have tradition-
ally been widely used in arrhythmia research, but legal restrictions, societal considera-
tions, and the lack of genetically engineered models restrict their future use. On the other
hand, many naturally occurring diseases in dogs involve ventricular arrhythmias and
may therefore serve as an important research model [1]. Swine models could close this
translational gap because their use is more accepted in modern societies, pig cardiac anat-
omy and electrophysiology are similar to those of humans, and pigs can be genetically
modified. On the other hand, new results suggest that, in the pig, the mean electrical axis
is influenced more by the presence of an intramural Purkinje fiber network than by left
ventricular mass, as seen in humans [2]. It is important to caution against extrapolating
the results of electrophysiological or ventricular arrhythmia studies from porcine models
to humans. Regardless, large animals are useful for preclinical studies evaluating new
drugs, gene therapy, and devices that require large-animal models before moving to hu-
mans.

The diversity of species used in research and the variety of models prompted us to
systematize our knowledge on this subject and present, in this review, the existing large-
animal models of ventricular arrhythmias, divided by species and type.

2. Materials and Methods
2.1. Search for Literature to Be Included in This Review

Eligibility criteria for studies to be included in this review were: (1) including original
data on a large-animal model of ventricular arrhythmias, (2) involving both natural and
experimental models, (3) peer-reviewed published studies.

Exclusion criteria were: (1) studies that only include data on in vitro models, (2) stud-
ies on other species, (3) opinion pieces, (4) clinical studies of dogs and cats, (5) case studies.
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Data from non-peer-reviewed published studies, such as those presented at international
conferences and published as proceedings, were not included in the search or in this re-
view.

PubMed search was conducted with the following search words: ventricular arrhyth-
mias combined with large-animal models, pig, porcine, horse, dog, cat, sheep, goats. In
addition, PubMed was searched for the names of ventricular arrhythmias known to the
authors, combined with pig, porcine, horse, dog, cat, sheep, and goat: ventricular tachy-
cardia (VT) and ventricular fibrillation (VF). The last PubMed search was on 2 December
2025. The PubMed search and selection of studies to be included was conducted by all
authors, excluding the senior author, and was double-checked by the senior author.

2.2. Data Retrieved from Literature and Data Analysis

A list of selected large-animal models of ventricular arrhythmias identified in the
literature was compiled. Studies were grouped according to the species that was described.
For each study, the following was reported: the type and characteristics of the model’s
performance, and the model’s advantages and disadvantages.

3. Results

Through the PubMed search, 5655 studies were identified, of which 5570 were ex-
cluded for reasons described in the exclusion criteria, and 85 were included in this review.
Large-animal models of ventricular arrhythmias identified through the literature search
include several types: species-specific, ischemic, non-ischemic, with a natural course, and
fully experimental. Table 1 summarizes the principal strengths and limitations of animal
models employed in studies of ventricular arrhythmias.

Table 1. Advantages and disadvantages of animal models used in ventricular arrhythmia research.

Model Type

Advantages Disadvantages

Pig ischemic

Allows to investigate the impact of coronary artery Early models with a high degree of invasive-
occlusion on arrhythmia development ness (sternotomy)

Enables precise control of ischemia duration and High animal mortality with LAD occlusion in

area (balloon catheters) some protocols

Facilitates assessment of arrhythmias during both

. . . Requires complex surgical procedures
ischemia and reperfusion d P slcalp

Model with high arrhythmia inducibility

Ischemia-reperfusion model may paradoxi-
cally induce arrhythmias during reperfusion

Translational potential, e.g., studies on the protec- Requires specialized equipment (fluoroscopy,
tive effect of spinal cord stimulation (SCS) balloon catheters, ablation equipment)

Enables testing of pharmacological and ablative in-

terventions (e.g., PFA)

Close similarity to human cardiac physiology

Allows to analyze ventricular arrhythmias unre- Less directly related to human myocardial is-

lated to ischemia chemia pathophysiology

Enables arrhythmia induction by electrical stimula-
tion (e.g., VF through transthoracic or right ven-

Some models require advanced equipment for

. . . stimulation and defibrillation
tricular stimulation)

Pig non-ischemic Facilitates studies on pharmacological induction of Less natural reflection of clinical causes of is-

arrhythmias (e.g., bupivacaine) chemic arrhythmias

Enables investigation of the impact of epicardial Potential limitations in translational relevance

ablation on arrhythmias to ischemic arrhythmias

Genetically modified models allow analysis of spe-

cific pathological mechanisms
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Less invasive than ischemic models

Cardiac size and anatomy similar to humans Different transmural Purkinje fiber system

Coronary vessels and changes in ventricular mus-

de Significant variability in coronary anatomy

. L among individuals
after infarction similar to humans

Develop spontaneous VT/VF Ethical considerations
Well-established models of myocardial infarction Difficult and expensive to work with
(ischemic and chronic)

Sheep

Different transmural Purkinje fiber system

Close similarity to human cardiac structure and

electrophysiology High invasiveness and surgical complexity

. . Biphasic ischemic ventricular arrhythmia pattern.
Canine experi-

mental ischemic
models

Well-developed Purkinje system enabling reentry Heterogeneous ischemic protocols
and VF
Controlled ischemia-reperfusion conditions =~ Advanced surgical and technical requirements

Strong autonomic modulation enabling neuromod-
ulatory studies

Precise analysis of adrenergic and ionic mecha- Reduced representation of clinical ischemic pa-
nisms thology

Canine experi-
mental non-is- High reproducibility of induced arrhythmias
chemic models

Strong dependence on specific drugs and stim-
ulation protocols

Suitable for pharmacological testing and VT/TdP

induction
Spontaneous and heritable disease phenotypes Variable phenotypic expression
Progressive arrhythmogenic substrates Limited control over arrhythmia timing

Canine natural
models of ventric- High incidence of VT, VF, and sudden death
ular arrhythmias

Incomplete genetic characterization in some
breeds

Strong translational relevance to human ARVC
and DCM
Valuable for studying neurogenic modulation of is-
chemic arrhythmias

Monophasic action potential

Feline experi-
mental ischemic
models

Well-developed sympathetic and parasympathetic

Limited transmural repolarization gradients
control

Suitable for autonomic reflex and baroreceptor ~ Lower susceptibility to reentry-type arrhyth-
studies mias

Insight into neurogenic and anesthetic-adrenergic Strong dependence on anesthesia and experi-

Feline experi- . ..
p mechanisms mental conditions

tal non-is-
Mmental NOAS™ "1y e ful for pharmacologic and respiratory modula-

chemic models : )
tion studies

Ethical limitations in digitalis-based models

Defined fibrofatty remodeling and ventricular ec-

Progression toward right-sided heart failure
topy

Feline natural

model of ARVC Rare spontaneous non-canine ARVC model Small sample size

Structural and electrophysiological similarity to . i . .
prysioiog 4 No identified genetic mutation
human disease

Abbreviations: ARVC—arrhythmogenic right ventricular cardiomyopathy, DCM —dilated cardio-
myopathy, LAD—left anterior descending artery, PFA —pulse-field ablation, SCS—spinal cord

stimulation, TdP—Torsade de pointes, VF —ventricular fibrillation, VT —ventricular tachycardia.
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3.1. Pig Model

Pigs are a good animal model for studying cardiac arrhythmias, especially ventricu-
lar arrhythmias. This is due to similarities between the pig and human hearts in anatomy,
physiology, and electrophysiology, including heart size, hemodynamic parameters, myo-
cardial electrophysiological properties, and coronary circulation anatomy. In addition,
these animals are particularly susceptible to the development of ventricular arrhythmias,
including ventricular fibrillation (VF) [3], which is an undeniable advantage of using pigs
as an animal model for ventricular arrhythmia research.

There are no porcine models with a natural course of ventricular arrhythmias.

Experimental studies using pigs as an animal model for ventricular arrhythmias have
used two main methods of inducing these arrhythmias: ischemic and non-ischemic. Is-
chemic models are usually induced by occluding one of the coronary arteries, intended to
mimic the conditions that often lead to the development of ventricular arrhythmias in
humans. Non-ischemic models, on the other hand, use various techniques such as rapid
pacing, cardioneuroablation, or the administration of specific drugs to induce ventricular
arrhythmias without the need for coronary artery occlusion.

3.1.1. Pig Ischemic Model

In the ischemic model, the coronary artery is ligated or occluded. Early ischemic
models were usually achieved by ligating the coronary vessels via a sternotomy approach.
These techniques were highly invasive, but allowed observation of the impact of coronary
vessel occlusion on the development of arrhythmias. Muller et al. [4] induced acute myo-
cardial ischemia by ligating the anterior descending artery. Access to the heart was ob-
tained via median sternotomy, while occlusion of the coronary vessels was achieved by
tightening a silk ligature at the mid-length of the anterior descending artery. The research-
ers administered bucindolol (a B-blocker) intravenously twice, 30 min before and 10 min
after coronary artery ligation, at a dose of 6 mg/kg, to evaluate its effect on ventricular
arrhythmia induction. This drug significantly reduced the occurrence of VF and the dura-
tion of ventricular tachycardia (VT). Occlusion of the mid-segment of the left anterior de-
scending artery (LAD) to induce ventricular arrhythmias was also used by Smith et al. [5].
After performing median sternotomy and suspending the heart in a pericardial cradle, the
researchers ligated the LAD at its midportion for 60 min. This group demonstrated that
arrhythmias of type Ib and electrocardiographic changes observed during ischemic epi-
sodes show a strong correlation with impaired intercellular electrical coupling. One of the
more recent studies in which ischemia was induced by ligating the LAD after median
sternotomy is the experiment by Howard-Quijano et al. [6]. In this study, LAD occlusion
was performed using a 4-0 Prolene suture, which was passed through a short segment of
polyethylene tubing and used to occlude the LAD for 5 min. Electrophysiological meas-
urements were taken at baseline, after 30 min of spinal cord stimulation (SCS) or sham
procedure, as well as at the moment of LAD ligation and after 45, 90, and 300 s of occlusion,
and throughout the entire 60 min reperfusion period. The scientists demonstrated that
spinal cord stimulation attenuates excessive local sympathetic stimulation in the ischemic
area of the myocardium, thereby reducing the induction of ventricular rhythm disturb-
ances and improving cardiac function. This study demonstrated the translational poten-
tial of these models, particularly for further research on the protective effects of SCS on
the myocardium.

Contemporary studies on ischemic models most commonly use transient occlusion
of the coronary arteries to induce ischemia. The use of balloon catheters under fluoro-
scopic guidance is widespread, allowing precise control of ischemia duration and extent,
resulting in a low-invasive procedure and high reproducibility. These models have ena-
bled assessment of arrhythmia occurrence during ischemic periods and during
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reperfusion, during which, paradoxically, restoration of blood flow can induce arrhyth-
mias [7]. A less invasive method of coronary artery occlusion has also allowed researchers
to analyze the role of various pharmacological interventions in mitigating arrhythmias
induced by ischemia and reperfusion. By administering potential therapeutic agents at
different time points during the ischemia-reperfusion process, scientists can evaluate
their effectiveness in preventing or reducing the occurrence of arrhythmias following an
episode of myocardial ischemia. Dawkins et al. investigated the effect of exosomes se-
creted by cardiosphere-derived cells (CDCEXO) on the inducibility of arrhythmias after
ischemia and reperfusion induced by LAD occlusion [8]. In this experiment, LAD occlu-
sion was induced in its proximal one-third by inflating a standard balloon angioplasty
catheter (TREK) for 90 min. The reperfusion period after ischemia lasted 8 weeks. The
researchers demonstrated, among other findings, that administration of exosomes after
the reperfusion period reduced the size of the post-infarction scar and the inducibility of
ventricular arrhythmias, and may represent an alternative to conventional ablation in pre-
venting recurrent ventricular tachyarrhythmias following an episode of myocardial ische-
mia. In another study, a porcine ischemic model was used to evaluate the efficacy of
pulsed-field ablation (PFA) of the post-infarction scar, which was induced by balloon oc-
clusion of the LAD lasting 60-90 min. PFA was delivered in a bipolar/biphasic fashion (2.0
kV/application; 5 trains delivered over 2.5 s). This study demonstrated the efficacy of PFA
in penetrating post-infarction scars of various origins and highlighted the beneficial effect
of QRS gating during ablation on the inducibility of ventricular arrhythmias during PFA
[9]. LAD occlusion to induce acute myocardial infarction (AMI) and subsequent reperfu-
sion was used in the study by Odenstedt et al. [10]. In this model, AMI was induced by
occluding the LAD distal to the second diagonal branch for 45 min, using different tech-
niques. For LAD occlusion, depending on the phase of the experiment, the following were
used: a) a 10 mm long, over-the-wire coronary angioplasty balloon catheter; b) a support
catheter (Guidant) with an outer diameter of 1.5 mm with a ligature applied to its tip; and
c) both inflation of a balloon catheter and a ligature applied around the inflated balloon.
In this experiment, ventricular arrhythmias were not specifically studied; however, the
ischemic myocardial infarction (MI) model created by balloon occlusion of the LAD was
later used by Odenstedt and various research groups in subsequent studies [11,12]. These
experiments showed that before the onset of VF, there was an aggravation of T-wave in-
version, which may represent aspects of ventricular repolarization (VR) relevant to ar-
rhythmogenesis [11], and that spinal cord stimulation (SCS) is thought to have anti-
arrhythmic effects in spontaneous non-sustained ventricular tachycardia (NSVT) and sus-
tained VT during the ischemia-reperfusion period, along with a reduction in repolariza-
tion alterations [12].

A key aspect of ischemic models using coronary artery occlusion via balloon cathe-
ters was the relatively high mortality rate of animals when the occluded vessel was the
LAD [13,14]. Frydrychowski et al., by modifying the anesthesia protocol in pigs, devel-
oped an ischemic model using occlusion of the proximal LAD segment, characterized by
100% animal survival and high inducibility of ventricular arrhythmias, making this model
useful for studies of ventricular arrhythmias in acute myocardial ischemia [15]. In this
study, ischemia was induced by inflating a 3.0 x 10 mm angioplasty balloon to 6 atm. LAD
occlusion was maintained for 30 min [15].

An alternative ischemia-induction protocol was used to examine how increased sym-
pathetic drive and reduced vagal tone modulate the inducibility of ventricular arrhyth-
mias during myocardial ischemia. In this porcine model, myocardial ischemia was in-
duced by balloon occlusion of the mid-left anterior descending (LAD) coronary artery
using a coronary angioplasty catheter. After balloon inflation, a suspension containing
sterile normal saline and variable volumes of polystyrene microspheres (Polybead, 90 um;
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Polysciences, Warrington, PA) was delivered through the angioplasty catheter. These
models were not designed to directly induce ventricular arrhythmias per se, but rather to
elucidate mechanisms that may contribute to the occurrence of ventricular arrhythmias
during myocardial ischemia in humans [16-18].

In a study by Ajijola et al., post-infarction neural remodeling in a patchy-scar MI
model reorganized functional sympathetic innervation and increased dispersion of re-
polarization. Sympathetic stimulation also altered scar-related conduction, supporting a
role for repolarization heterogeneity and abnormal propagation in post-infarct reentrant
arrhythmogenesis under heightened sympathetic tone [16]. In another experiment, Yoshie
et al. showed that early epicardial resiniferatoxin (RTX, activator of the TRPV1 channel)
application can ablate TRPV1 (transient receptor potential cation subfamily V member 1)
sensory afferents that sustain chronic sympathoexcitation after MI. Cardiac-restricted
suppression of this pathway attenuated adverse remodeling and electrical heterogeneity,
thereby reducing VT/VF vulnerability and stabilizing infarcted hearts [17]. Work by
Salavatian et al. suggests that chronic MI remodels vagal afferent nociceptive signaling
toward an inhibitory, potentially GABA-mediated phenotype, thereby reducing central
vagal drive and vagal tone. This mechanism may contribute to post-MI parasympathetic
dysfunction and increased susceptibility to ventricular arrhythmias and sudden death
[18].

3.1.2. Pig Non-Ischemic Model

Non-ischemic models enable the analysis of ventricular arrhythmias in the absence
of ischemia. The first models of this type were developed in the 1980s, using intracoronary
or intracardiac infusion of norepinephrine or cAMP to induce VT [19]. Contemporary
models focus on other non-ischemic models, for example, in studies of cardiopulmonary
resuscitation (CPR). Menegazzi et al. induced VF via transthoracic stimulation with alter-
nating current at 60 Hz, 100 mA, and 3 s of duration [20]. Reynolds and colleagues, on the
other hand, induced VF transthoracically using alternating current with a frequency of
603 Hz, an amperage of 1003 mA, and a duration of 3 s [21]. Niemann et al. [22] used a
bipolar pacing electrode introduced into the right ventricle to induce VF. After VF induc-
tion, animals underwent mono- and biphasic defibrillation with an initial energy of 200 J,
followed by 300 J and, if necessary, 360 J. The studies conducted by this group concluded
that both monophasic and biphasic defibrillation are effective in terminating VF [22].
Georgiou et al. [23] used a similar VF model obtained by right ventricular stimulation in
pigs to investigate the effects of chest and abdominal compression during CPR. Tanaka et
al. [24] used a model employing right ventricular stimulation to induce premature ven-
tricular complexes (PVCs) in studies on dilated cardiomyopathy (DCM) induced by PVCs.
In this study, the bipolar pacing electrode was placed at the right ventricular apex. De
Diego et al. [25] investigated the effects of toxic doses of bupivacaine on myocardial re-
polarization dispersion and induction of ventricular arrhythmias in pigs, and evaluated
the efficacy of lipid emulsion in reversing these effects. Ventricular arrhythmias in this
model were induced by intravenous administration of bupivacaine, initially as a bolus at
a dose of 4 mg/kg followed by continuous infusion at a dose of 100 pg/kg/min. Ventricular
arrhythmias occurred in 43% of the animals, and Brugada-like ECG changes were ob-
served in 36% of the pigs [25]. In another study, the frequency of ventricular arrhythmias
during epicardial ablation in pigs and dogs was evaluated [26]. Ventricular arrhythmias
were induced during epicardial ablation with a novel partially insulated multipolar epi-
cardial ablation catheter and a Stockert radiofrequency generator. Both unipolar and bi-
polar ablation were performed for 120 s or until evidence of ablation was seen on the elec-
trocardiogram, depending on which occurred first. The researchers confirmed that the pig
model is more susceptible to the development of ventricular arrhythmias during
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epicardial ablation than the dog model [26]. Vaseghi et al. showed in a chronic porcine
post-MI model that vagus nerve stimulation (VNS) reduces VT inducibility by ~60% after
ischemia induced via mid-LAD balloon occlusion with microsphere injection; ventricular
arrhythmias were induced using programmed ventricular stimulation with two drive cy-
cle lengths and up to three extrastimuli delivered from the right ventricular endocardium
and anterior left ventricular epicardium [27]. In another chronic post-MI swine model,
Hoang et al. reported that thoracic epidural anesthesia (TEA; C7-T1 lidocaine) decreased
PES-induced (programmed electrical stimulation) VI/VF inducibility by ~70% without
impairing right ventricular systolic function, consistent with increased ventricular refrac-
toriness/repolarization and a flatter restitution slope [28].

In summary, the domestic pig is an indispensable research model for the study of
ventricular arrhythmias. Both ischemic and non-ischemic porcine models provide inval-
uable information on ventricular arrhythmias. Ischemic models are crucial for under-
standing arrhythmias associated with myocardial ischemia, highlighting the role of ische-
mia-reperfusion injury. On the other hand, non-ischemic models are useful for studies of
ventricular arrhythmias induced by ablation and cardiac stimulation, as well as those in-
duced pharmacologically. Porcine models remain an important component of cardiovas-
cular research, and their close similarity to human cardiac physiology makes the results
of these studies highly relevant for translational research. Summarized characteristics of
swine models of ventricular arrhythmias are presented in Table 2.

Table 2. Comparative overview of swine models of ventricular arrhythmias and their translational

utility.
Arrhyth i Translational Util- Refer-
Species Model rrhyt m(?genlc Methodology Key Findings rans at.lona vt Limitations eter
Mechanism ity ences
B-blocker | VF  Classic large-ani-
Ischemic Acute ischemia: and VT dura- mal ischemia ar-
model; " e Ster- tion/TypeIb ar-  rhythmia plat-  Highly inva-
heterogeneity; . S . .
. Open-chest notomy/Surgi- rhythmias linked form/Drug testing sive; anesthe-
Pig _ VT/VF; Sympa- . . . o [4-6]
LAD liga- . . cal LAD liga- to | cou- in acute ischemic sia/surgery
. thetic-driven is- . . .
tion (ster- . tion pling/SCS | is- VT/VF/Neuromod- confounders
chemic VAs . . o
notomy) chemic rhythm ulation during is-
disturbances chemia
Ischemic o Cath-lab com-
. Reproducibleis- . . .
model; Fluoro-guided chemic vs. reper Clinically analo- plexity;
Catheter- Ischemia-reperfu- balloon LAD . -Tep gous I/R model for site/dura-
. . . . fusion arrhyth- ¢ . .
Pig  based bal- sion triggers occlusion; mias; survival/in intervention stud- tion/anesthe- [7,10-15]
loon LAD VT/VF reperfusion . ies/Neuromodula- sia variability;
. o ducibility de- . .
occlusion monitoring end on brotocol tionin I/R VAs  variable sur-
(I/R) p p vivability
Ischemic Prolonged LAD Tlme./re—
model; ) . source inten-
. occlusion —  Substrate-modi- . .
Chronic Scar-related reperfusion fvine thera Translational post- sive; remodel-
Pig post-MI scar P yme MI VT substrate ing variabil- [8,9]
reentry substrate (weeks) — scar; pies/ablation re- . .
substrate . - . - model ity; Special-
inducibility duce inducibility . .
(balloon testin ized equip-
LAD) estng ment
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Ischemic
model; Au-
tonomic- Sympathetic acti
neural Mid-LAD bal- /"'F .
. . . vation and im- .
mechanisms loon ischemia . . . Mainly mech-
.. paired vagal sig- Mechanistic tar- . .
inische-  Sympatho-vagal model; post-MI . anism-ori-
] . naling promote  gets for neuro- .
. mia/post-MI imbalance — elec- neural/EP phe- . . . . ented; varia-
Pig } ) ) proarrhythmic modulation in is- [16-18]
(mid-LAD trical heterogene- notyping + tar- . . . ble end-
. . heterogeneity; af-chemic cardiomyo- .
balloon + ity and VT/VF risk geted afferent . points/proto-
) ferent targeting pathy
micro- neuromodula- T cols
spheres: tion can stabilize
p ’ post-MI hearts
post-MI
neural/affer-
ent studies)
. Limited direct
Non-is- Triggered activity ~ Intracoro- translational
chemic 88 . VT induction  Adrenergic trig-
Pi model; Ad (catechola- nary/intracar- without coronar ered-activi relevance; [19]
& ! mine/cAMP- diac NE or . y 8 ty pharmaco-
renergic VT . occlusion model .
) . driven) cAMP logic extre-
induction
mum
Highly reproduc-
. ible VF induc-
Non-is- . . s
chemic Transthoracic  tion; both mo- Resuscitation Artificial tri
. Non-substrate VF or RV stimula- nophasic and bi- physiology and &
Pig model; Elec- . . . . o . ger; not sub-  [20-23]
. : trigger tion; resuscita- phasic defibrilla- defibrillation test-
trically in- tion protocols tion are effective in strate-based
duced VF P . - 8
In terminating
VF
lj}?:r:lsc_ Chronic pacing Chronic in-
R ible ec- Translational PVC- -
. model; PVC-PVC burden — re- to generate fre- eproducible ec rans ational PVC étrumenta
Pig . . topy-related induced DCM  tion; pheno- [24]
induced car- modeling quent DCM phenotype model type variabil
diomyopa- PVCs/DCM P P yP :
thy v
Non-is-
chemic Scenario-spe
model; VAs with toxicity ) e ,O s p
. . Toxicology/rescue cific; limited
Drug-/pro- .. . IV bupivacaine; phenotype; VAs . ..
. Toxicity or iatro- =~ . . . . . . studies; proce- generalizabil-
Pig  cedure-pro- . epicardial RFA during epicardial X ) [25,26]
genic triggers y dural/device eval- ity
voked VAs protocols ablation safety .
(bupiva- testin uation not substrate-
. P . & based
caine; epi-
cardial RFA)
Non-is-
chemic
del; hronic Ml in- VNS | inducibil-
MOCEs  Autonomic imbal- c Fome T e 5| inducibi Translational auto- Specialized
. Chronic . duction; PES ity (~60%); TEA | o
Pig ance; reduced in- . o . M nomic interven- setup; model [27,28]
post-MI+ ducibilit inducibility +/= inducibility tions post-MI complexit
neuromodu- y VNS or TEA (~70%) P P y
lation
(VNS/TEA)
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Abbreviations: cAMP —cyclic adenosine monophosphate, DCM —dilated cardiomyopathy, EP—
electrophysiology (study), I/R —ischemia-reperfusion, LAD —left anterior descending artery, MI—
myocardial infarction, NE—norepinephrine, PVC—premature ventricular complex, RFA —radiof-
requency ablation, RV —right ventricle, SCS—spinal cord stimulation, TEA —thoracic epidural an-
esthesia, VAs—ventricular arrhythmias, VF—ventricular fibrillation, VNS—vagus nerve stimula-

tion, VT —ventricular tachycardia.

3.2. Sheep Model

One of the advantages of sheep-based models is that their cardiac anatomy is similar
to that of humans, including coronary vessels and changes in ventricular muscle after in-
farction [29]. The main difference lies in the different transmural Purkinje fiber system [30].
This can also be considered a disadvantage of this model.

In the case of sheep, there are well-established models of myocardial infarction, both
involving acute ischemia and chronic myocardial infarction, which lead to ventricular re-
modeling and heart failure [31-33]. These models also develop spontaneous ventricular
arrhythmias, which are used in ventricular arrhythmia research [33,34]. The aforemen-
tioned ventricular arrhythmia models typically rely on inducing spontaneous arrhyth-
mias secondary to myocardial infarction, bradyarrhythmia, or aconitine administration
[35]. Most studies are based on inducing myocardial infarction in an ischemic model. This
is performed surgically, with opening of the chest cavity and ligation of coronary arteries
such as LAD, or less invasively, through temporary occlusion of these vessels using a bal-
loon catheter under fluoroscopic guidance [36—40]. These methods are similar to those
used in the porcine model. Thanks to the less invasive method, we can repeatedly and
precisely induce ischemia in the desired area, which is very similar to that occurring dur-
ing myocardial infarction in humans. Reek et al. [36] proposed a very effective model that
allows the induction of reproducible monomorphic ventricular tachycardia through pro-
grammed stimulation in animals after myocardial infarction. Myocardial infarction was
induced by temporary balloon occlusion of the left anterior descending coronary artery.
A catheter (8 Fr size, 3 mm balloon inflated to 6 atm) was introduced into the correspond-
ing branch of the left coronary artery, which is the equivalent of the human LAD, for 150
min. VT induction was performed using programmed stimulation from the right and left
ventricles, 21 to 43 days after infarction induction. After stabilizing the basic cycle length
(350 ms), four additional beats with shortening cycles (280, 270, 260, 250 ms) were induced,
and then all intervals were shortened by 10 ms until the desired arrhythmia was obtained.
After approximately 3-8 weeks of observation, reproducible ventricular tachycardia last-
ing from 30 s to 15 min was successfully induced in 80% of the animals [36]. During these
studies, no ventricular fibrillation was observed. This model demonstrates a high inci-
dence of inducible sustained monomorphic ventricular tachycardia in the chronic phase
of myocardial infarction. Several years later, the author used this method again to attempt
mapping of induced ventricular tachycardia [41]. The results of these studies suggest that
this inducible ventricular tachycardia results from a macro-reentry mechanism involving
subepicardial layers at the border of transmural infarction. Another study concerning the
occurrence of ventricular arrhythmias secondary to myocardial infarction was described
by Hsieh et al. [40]. It assessed the occurrence and electrophysiological properties of ven-
tricular tachycardias in the early phase after infarction. For this purpose, myocardial in-
farction was induced in 36 sheep via balloon occlusion of the equivalent of the left anterior
descending artery for 3 h. On day 8 and day 100 after infarction induction, electrical map-
ping of the heart and programmed ventricular stimulation (PVS, pulse width 2 ms, drive
train 8 beats, and < 4 premature extrastimuli from the RV apex and basal septum) were
performed, among other procedures. The study determined the time of onset and stabili-
zation of VT loops after infarction and the factors that may influence VT inducibility.
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Ventricular tachycardia induced by PVS was present in 43% of sheep on day 8 after in-
farction. It was also found that both the distribution of normal and slowed conducting
channels of surviving myocytes within the infarction area and increased complex fraction-
ated signals influenced VT induction. Another model described in sheep involves ventric-
ular arrhythmia triggered by bradycardia or a combination of bradycardia and myocar-
dial infarction. The experiment compared the incidence of spontaneous ventricular tach-
ycardia and sudden cardiac death (5CD) in cases of bradycardia alone and in combination
with chronic myocardial infarction in sheep [33]. Bradycardia was achieved in all animals
through atrioventricular node ablation, and in some animals, balloon occlusion of the left
anterior descending coronary artery was additionally performed. The second group of
animals showed a significantly higher number of premature ventricular contractions, ven-
tricular tachycardias, ventricular fibrillations, and sudden cardiac death. The combination
of myocardial infarction with bradycardia resulting from atrioventricular node ablation
in sheep can thus serve as a model for studying VT and sudden cardiac death. In a study
on the atrioventricular block model, Farrah et al. demonstrated that sheep are highly sus-
ceptible to ventricular arrhythmia during radiofrequency ablation of the His bundle, par-
ticularly when the ablation site approached the right ventricle. In the study, non-sustained
VT or VF lasting several minutes (cardioverted) was observed in four out of six animals.
This information may also be useful in the future for developing models of ventricular
arrhythmias. Haissaguerre et al. [42-44] demonstrated that arrhythmias originating from
papillary muscles can trigger ventricular fibrillation and cause sudden cardiac death even
in the absence of structural heart disease.

In the study by Miinkler et al. [35], aconitine was administered into the anterior pa-
pillary muscle at a mean dose of 0.06 pig (range 0.06-0.15 pig). Aconitine is an arrhythmo-
genic alkaloid that most likely leads to intracellular accumulation of sodium and calcium
[45,46]. The stock solution of aconitine (3 ug/mL) was prepared in 50 mL of distilled water,
and one or two drops of 4 M HCI were added to verify solubility. The substance was
injected into the papillary muscle under ultrasound guidance, taking particular care to
avoid contact between aconitine and the epicardium. The administered doses were grad-
ually increased to induce a stable monomorphic ventricular tachycardia and ultimately
ventricular fibrillation. In all animals, focal ventricular arrhythmias were successfully in-
duced, and most of them developed stable ventricular tachycardia [35]. Table 3 shows the
characteristics of sheep as animal models of ventricular arrhythmias.

Table 3. Characteristics of sheep as animal models of ventricular arrhythmias and their translational

utility.
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Abbreviations: PVCs—premature ventricular complexes, VA —ventricular arrhythmia, VF —ventric-

ular fibrillation, VT —ventricular tachycardia.

3.3. Goat Model

Goats are often used as animal models of arrhythmias, but mainly atrial arrhythmias.
The atrial fibrillation model is well established and used to study its mechanisms and to
assess the efficacy and potential proarrhythmic effects of various antiarrhythmic drugs
[47]. Due to the relatively constant anatomy of the coronary vessels, goats can also be used
in studies on myocardial infarction [48]. However, it should be noted that goats are not
commonly used as models of ventricular arrhythmias.

3.4. Horse Natural Model

Horses are natural athletes that have evolved over many years to develop the athletic
abilities necessary to avoid predators and are a model for ventricular arrhythmias in ath-
letes. Horses participate in athletic activities that imitate human activities, ranging from
occasional/recreational exercise to daily/intense conditioning. Sudden cardiac death is a
leading cause of death in human athletes and is 2.8 times more likely to occur in athletes
than in non-athletes [49]. Horses may be a particularly good model to investigate the func-
tion of the potassium voltage-gated channel Kv1.5 due to its spontaneous ventricular ex-
pression, which is lacking in human ventricles [50]. However, available studies usually
address the clinical problem of ventricular arrhythmias in horses without treating the
horse strictly as a model animal [51]. Much more often, horses, like goats, are a model of
atrial fibrillation [52].

3.5. Canine Model
3.5.1. Ischemic Ventricular Arrhythmia Models

For studying the pathological ischemia-driven mechanisms of ventricular arrhyth-
mias, dogs serve as excellent models, as their hearts are structurally, electrophysiologi-
cally, and even behaviorally similar to those of humans in relation to ischemic damage.
Dogs exhibit arrhythmias during ischemia due to both reentry and ectopic automaticity,
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which is typical in human patients. Compared to smaller models like mice or rabbits, dogs
present a more well-rounded and integrated picture of complex ischemic responses. The
studies suggest that dogs, like humans, exhibit a biphasic framework of ischemic ventric-
ular arrhythmias and are therefore considered to have greater translational relevance than
rodents, which exhibit only a single phase [53,54]. A biphasic action potential indicates
human repolarization better and a greater chance of succumbing to arrhythmias. The vast
reach of the Purkinje fibers in dogs’ hearts triggers reentry circuits, which are the most
important substrate for ventricular fibrillation. They exhibit heart rates from 60 to 120 bpm,
which are closer to the actual heart rates of humans, making them better at modeling the
arrhythmia-inducing mechanisms and anti-arrhythmic drug actions as opposed to ro-
dents, whose heart rate is 5 to 10 times higher. Furthermore, dogs have well-established
collateral circulation, which is beneficial for studying ischemic preconditioning and eval-
uating therapeutic interventions. Various animal species, such as the domestic dog, offer
a good rationale for studying ischemic preconditioning or evaluating therapeutic treat-
ments. Perhaps the most important aspect is that they also have very good autonomic
control, with significant sympathetic and parasympathetic control of conduction and ex-
citability. The strong sympathetic nervous system activity, which is one of the important
reasons for arrhythmias in humans, can be induced in dogs, allowing the study of barore-
ceptor function and autonomic modulation treatments.

At the mechanistic level, increasing evidence indicates that the autonomic contribu-
tion to ischemia-induced ventricular arrhythmias in canine models is mediated by com-
plex interactions within the intrinsic and extracardiac cardiac nervous system. Experi-
mental studies have demonstrated that intrathoracic extracardiac neurons, particularly
those located within the middle cervical ganglion, actively transduce regional ventricular
ischemia and contribute to reflex sympathetic excitation, thereby promoting ventricular
electrical instability. Importantly, neuromodulation using dorsal spinal cord stimulation
selectively attenuates neural responses to regional myocardial ischemia without suppress-
ing responses to global cardiac stress, highlighting a mechanism by which ventricular ar-
rhythmogenesis may be mitigated without impairing physiological cardiac control [55].
Complementary network-level investigations of the intrinsic cardiac nervous system fur-
ther revealed that local circuit neurons integrate ischemic afferent signals with central
sympathetic and parasympathetic inputs through dynamic, stochastic interactions, and
that dysregulation of these networks may facilitate arrhythmia initiation. Together, these
findings underscore the critical role of cardiac neural control in modulating ischemia-re-
lated ventricular arrhythmias and provide a mechanistic framework supporting the trans-
lational relevance of canine models for studying neuromodulatory therapeutic strategies
[56].

Experimental Ischemic Models

Most animal models used to study ischemia-induced arrhythmias use either Harris’
2-stage model or a variant. Many studies have examined hemodynamics and arrhythmias
following ligation of one or more coronary arteries [57]. The Harris method requires two
sutures to be placed around the left anterior descending coronary artery. One of the su-
tures is tied tightly around a 20-gauge hypodermic needle, which is immediately removed,
leaving stenosis but not occlusion of the coronary artery. Thirty minutes after, a second
ligature is tightly applied, completely occluding the coronary artery. Probably the greatest
effect on animal survival, despite the two-stage ligation of the main coronary artery, is
due to preconditioning, in which the integrity of the Karr channels is maintained and the
outflow of potassium ions from the cell is reduced [58-60].

The model devised by Janse and Wit [57] carries out a thorough electrophysiological
approach to ischemia-related ventricular arrhythmias. The analysis emphasizes acute
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ischemia and reperfusion with respect to transmembrane potential and conductivity
across the myocardium, bearing in mind the myocardial layers. In this case, regional cor-
onary occlusion was produced in anesthetized dogs to follow the progression of ischemic
electrophysiologic phenomena. Microelectrode recordings enabled measurement of ac-
tion potentials in the ventricular myocardium and Purkinje fibers, which illustrates the
contribution of depolarization heterogeneity to arrhythmia. The work showed that after
acute ischemia, the active phase of Purkinje fibers is longer than that of the adjacent myo-
cardial cells, so the conditions for reentry and ventricular tachycardia are present. Fur-
thermore, ischemic areas demonstrated a progressive decrease in the resting membrane
potential, leading to prolongation of the refractory period and slowing of conduction, all
of which is conducive to malignant ventricular arrhythmias. The work also made im-
portant contributions to understanding reperfusion arrhythmias, where the sudden res-
toration of blood flow is shown to be capable of provoking ectopic activity and increasing
the vulnerability of the heart to ventricular fibrillation. The in vivo nature of the model
enabled continuous, real-time arrhythmia monitoring, which closely simulates the clinical
setting of myocardial infarction and revascularization. The Janse model in canines en-
hances previous methods by combining precise electrophysiological mapping with dy-
namic ischemia-reperfusion processes. This model serves to understand the mechanisms
of ventricular tachycardia and fibrillation in the setting of acute and subacute ischemia,
analyze the involvement of Purkinje fibers in arrhythmogenic processes, and assess the
effectiveness of antiarrhythmic treatment aimed at conduction disturbances of the heart.

The Folt modification of the Harris Technique, described in 1991 [61], provides a ro-
bust methodology for the study of sub-acute myocardial infarction and thrombogenesis
in the context of human pathology. In this procedure, a loose ligature is placed on a major
coronary artery, with a probe positioned downstream of the ligature that is attached to a
blood vessel. The ligature is then tightened to reduce arterial flow by more than 50%, and
the narrowed segment is repeatedly compressed three to six times using a hemostat or
similar instrument. Alternatively, a small wire can be inserted into the same or another
coronary artery; when an electrical current is applied, a clot forms, as demonstrated by
Minami et al. [62]. Both techniques initiate a clotting cascade, leading to the release of clots
into the myocardial region. After about two hours, the procedure leads to some patholog-
ical myocardial infarction in addition to the ectopic impulses, but the scope of obstruction,
along with ischemia, permutation is relatively greater than in the original Harris tech-
nique.

The Harris method, initially described by Sabbat et al. [63], involves the stepwise
injection of approximately 100 um diameter polystyrene microspheres into a major coro-
nary artery. No more than 10 injections can be done in total, and each can be done 1 to 3
weeks apart. Throughout the process, left ventricular shortening fraction is monitored
through echocardiography, which makes it possible to observe gradual dysfunction of the
heart and the development of heart failure. Transient ventricular arrhythmias usually fol-
low each injection, and while they do tend to subside, a rest period is prescribed following
the last injection; when complete heart failure presents, ventricular ectopy may return.
One of the main benefits of this technique is its independence from collateral circulation
because, after the microsphere partially obstructs small arterial branches, it serves to im-
pede the development of compensatory collateral vessels. This model accurately repli-
cates the gradual loss of functional myocardial tissue, with the final stage representing
stable and reproducible chronic heart failure.

In 1980, Schwartz and Stone [64] developed a canine model with a prior myocardial
infarction (MI), ischemia, and exercise-induced sympathetic overactivity. The purpose of
the study was to evaluate the possible impact of left-sided sternotomy (LSGx) on the inci-
dence of ventricular fibrillation induced by acute myocardial ischemia. The experiment
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was conducted on 32 mongrel dogs. After inducing anterior myocardial infarction, they
were randomly assigned to either the control or the left-sided stellectomy (LSGx) group.
After three weeks, all the dogs underwent controllable occlusion of the left circumflex
artery to produce acute ischemia. The control group suffered from VF in 65% of the sub-
jects, while the LSGx group only yielded 33%. Mortality also differed significantly be-
tween groups [64]. The study concluded that left-sided stellate artery ligation significantly
reduced the incidence of VF in dogs subjected to acute ischemia after myocardial infarc-
tion.

The model developed by Issa et al. [65] is somewhat similar: dogs have a healed MI
and superimposed acute ischemia, but in the presence of pacing-induced heart failure ra-
ther than exercise, and the model does not require a thoracotomy. The anesthesia used in
the study is the most significant difference from the Schwartz model. This study aimed to
create and assess a novel non-thoracotomy animal model to study the pathophysiological
mechanisms of sympathetic-induced ventricular arrhythmias in the context of healed MI,
heart failure, and increased sympathetic tone. The study consisted of two surgeries sepa-
rated by a 5-week recovery period. The first stage involved pacemaker implantation and
induction of an MI. After 2 weeks of recovery, heart failure was achieved by rapid ven-
tricular pacing at a rate of 200 to 240 bpm for 3 weeks. Rapid pacing was stopped just prior
to the second surgical procedure. A coronary balloon dilation catheter was placed over
the angiographic catheter into the proximal part of the circumflex artery of the left coro-
nary artery (LCX) just before the first marginal branch. The balloon was then inflated to
completely occlude the proximal LCX for 4 min, effectively inducing acute myocardial
ischemia. VI/VF developed in 72% of the animals [65]. This canine model serves as a val-
uable tool for investigating ventricular arrhythmias in a setting that closely replicates clin-
ical conditions, where multiple factors, including a healed myocardial infarction, heart
failure, and heightened sympathetic activity, contribute to the development of acute my-
ocardial ischemia. Similar to other models, it provides an opportunity to assess innovative
prophylactic antiarrhythmic strategies.

The canine model described by Hirahara et al. in 2024 [66] improves upon previous
ischemia-based arrhythmia models by implementing controlled ischemia-reperfusion se-
quences for studying VT induction. In this model, full reperfusion is administered after
the left anterior descending coronary artery has been occluded for 120 min, mimicking
clinical situations like percutaneous coronary intervention. A few days later, programmed
electrical stimulation is applied to elicit VT, providing a reproducible means to evaluate
ischemia-induced arrhythmias. In this particular study, 80% of the dogs had VT success-
fully induced, with a mean heart rate of 335 + 70 bpm. Episodes frequently exhibited dif-
fering QRS morphologies, consistent with the variability observed in clinical cases [66].
Unlike other models that use permanent coronary artery occlusion, this methodology in-
cludes reperfusion, thereby bringing the simulation closer to the reality of post-revascu-
larization events of arrhythmia. Moreover, it allows reproducible VT induction in a single
subject, which is helpful for studying antiarrhythmic treatment, defibrillation, autonomic
modulation, and other interventions during acute myocardial ischemia and reperfusion.

Canine models are essential for studying ventricular arrhythmias, and their specific
contributions to understanding ischemia-related arrhythmogenic phenomena are exten-
sive. While older models like the Harris method use controlled coronary ligation, captur-
ing the effects of ischemia on repolarization and arrhythmia development, modifications
like Folts and Sabbah introduce additional elements like thrombogenesis and progressive
myocardial dysfunction, allowing for the study of clot formation, collateral circulation,
and chronic heart failure-related arrhythmias. Schwartz and Issa’s models add heart fail-
ure and sympathetic modulation along with the previously mentioned heart failure and
provide a more realistic setting to evaluate antiarrhythmic treatment effectiveness. The
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model by Hirahara et al., on the other hand, focuses on the post-hypoxic phase of ischemia
and its arrhythmic aftermath during the revascularization process, and so draws attention
to the back-and-forth shifting between ischemia and reperfusion states. Each of these
models serves a distinct purpose in advancing our understanding of ventricular arrhyth-
mias and offers a tailored platform for evaluating therapeutic strategies in settings that
closely mimic clinical conditions.

3.5.2. Experimental Non-Ischemic Models
Epinephrine-Induced Arrhythmias

The studies by Todd and Vick (1971) [67] and Brock (2003) [68] provided a great deal
of detail concerning the mechanisms of arrhythmias associated with the action of epineph-
rine using in vivo canine models, which allowed for the analysis of the effects of adrener-
gic stimulation on the heart under physiological conditions.

The Todd and Vick model analyzed the action of epinephrine on potassium concen-
tration in plasma and the roles of adrenergic receptors in ventricular arrhythmias [67].
The study was performed on dogs that received epinephrine injections, during which
their cardiac electrophysiology, blood pressure, and plasma ion concentrations were
measured. The findings demonstrated that higher levels of adrenergic activity produce
pronounced electrolyte derangements, particularly hypokalaemia, which predisposes to
the development of ventricular arrhythmias. This means that powerful adrenergic stimu-
lation can cause the myocardium to be overly excitable, particularly during stressful situ-
ations or in excessive catecholaminemia.

In Brock’s model, in addition to the influence of epinephrine, the sensitivity of the
heart to arrhythmias under conditions of exposure to volatile organic compounds was
also analyzed [68]. The results showed that the combination of epinephrine and exposure
to environmental toxins (hydrofluorocarbons) can significantly increase the tendency to-
ward ventricular arrhythmia, suggesting that epinephrine’s effect on the heart is further
modulated by environmental factors. Brock’s model, unlike the Todd and Vick model,
which concentrated on electrolyte interactions and the stimulation of adrenergic receptors,
incorporated an additional environmental factor that contributes to the development of
arrhythmia, which increases the complexity of the model for the purposes of broader hu-
man clinical medicine.

The intricate details of the complex mechanisms that lead to ventricular arrhythmias
due to substantial adrenergic excitation are revealed and systematized in the two models.
The canine model is of great translational value, as it is known that the dog’s autonomic
nervous system and its response to catecholamines bear resemblance to those in humans,
aiding in the understanding of neurogenic control of heart rate and the possible manage-
ment of adrenergic arrhythmias.

Torsade de Pointes

The goal of the Bardy et al. study was to analyze the sequence of epicardial activa-
tions in relation to torsade de pointes (TdP) in dogs [69]. To induce the arrhythmia, 30
mg/kg of quinidine was administered, resulting in QT interval prolongation and the in-
duction of early afterdepolarizations (EADs). In addition, occlusion of the left anterior
descending artery (LAD) was performed in some dogs to assess the effect of ischemia on
TdP mechanisms. The study used cardiopulmonary bypass, which helped maintain he-
modynamic stability, providing a better perspective on the electrophysiological mecha-
nisms involved. Analysis of epicardial activation showed that TdP is characterized by dy-
namic changes in the depolarization sequence, which suggests that the arrhythmia results
from competition between different foci of activation [69]. This study complemented the
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understanding of TdP development, while combining prolonged QT with ischemia, and
helped understand the spatial variation in ventricular activation in this arrhythmia.

The study done by Inoue et al. [70] evaluated TdP in dogs where the QT interval was
also prolonged due to a high dosage of quinidine (30 mg/kg). Unlike in the Bardy model,
this experiment was done on dogs with no prior myocardial infarction, enabling the as-
sessment of TdP in the setting of prolonged QT in isolation from ischemic influences. Pro-
grammed ventricular stimulation was used to induce arrhythmia, and epicardial activa-
tion mapping was performed. The findings indicated that, in this model, the arrhythmia
was not due to competing activation sequences but rather to a shift in the most anterior
epicardial activation region, suggesting a mechanism dependent on repolarization heter-
ogeneity [70]. This study confirmed that TdP can result from dynamic changes in the lo-
cation of ectopic beats, rather than from typical reentry mechanisms.

The model described by Vos et al. [71] was on dogs having chronic atrioventricular
block bradycardia, which was associated with QT prolongation. The d-sotalol—a class III
potassium channel blocker and a drug used for treating bradycardia—was used in the
experiment. Programmed cardiac stimulation was used to cause TdP, analyzing different
stimulation patterns, one of which was ‘short-long-short’ protocol (two short coupling in-
tervals separated by one longer interval), which was found to be the most effective in
evolving arrhythmia [72]. The findings from the study indicate that in this model, the oc-
currence of TdP was predominantly linked to the presence of EAD along with regional
repolarization heterogeneity. Moreover, the study demonstrated that TdP can be pre-
vented by administering magnesium sulfate (MgSOa) or isoprenaline, which is of remark-
able clinical importance for antiarrhythmic treatment [71].

The research conducted by El-Sherif et al. developed a model of TdP, which was in-
duced using the toxin AP-A [73]. This specific neurotoxin caused QT prolongation and
bradycardia due to disruption of the nervous system. The study employed three-dimen-
sional electrophysiological mapping, enabling accurate investigation of repolarization
mechanisms and arrhythmia-inducing foci. The study showed that TdP developed due to
an abrupt change in the length of the cardiac cycle, resulting in the phenomenon being
associated with spatial heterogeneity of repolarization. This model was significant in
providing information about the influence of TdP on autonomous heart regulation and
possible mechanisms that lead to the spontaneous arrhythmia in people with congenital
and acquired long QT syndrome.

A study by Nayebpour et al. investigated the effect of cesium chloride on the electro-
physiology of the dog heart [74]. The substance was known to block potassium current,
which makes the QT interval longer, but its effects were less consistent when compared
with aggressive drugs like sotalol or quinidine. In the experiment, cesium chloride infu-
sion led to numerous ventricular tachyarrhythmias; however, these rarely took the classi-
cal form of TdP. A transition to ventricular fibrillation was observed more frequently,
which suggests that cesium chloride may not be the optimal tool for modelling TdP. This
study reinforced the idea that mechanisms of TdP are not solely reliant on prolonged QT
intervals, but also on how a particular chemical modifies ionic repolarization mechanisms.

Each of the presented models contained relevant information about the mechanisms
of TdP. The model of Vos et al. turned out to be one of the most reproducible and clinically
translatable, whereas El-Sherif et al. brought forth novel information regarding heart au-
tonomic regulation and its influence on the progression of TdP. The model of Nayebpour
et al. showed limitations in using cesium chloride for studying this arrhythmia, while the
studies by Bardy and Inoue revealed differences in the mechanisms of TdP depending on
the presence of ischemia and the type of antiarrhythmic drugs used.
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3.5.3. Natural Models of Ventricular Arrhythmias
German Shepherd Model of Sudden Death

Ventricular arrhythmias, specifically those observed in German Shepherd Dogs
(GSDs), present an unusual model for studying inherited heart conditions that lead to
sudden death. These arrhythmias, which first manifest in early adolescence, are typically
associated with specific genetic traits in this breed. It was noted that frequent premature
ventricular complexes (PVCs) and ventricular tachycardia (VT) tend to be associated with
sudden cardiac death, typically occurring between 4 and 18 months of age [75].

One of the hallmark features of these kinds of GSD arrhythmias is their age depend-
ence. Young dogs under 12 weeks of age generally have few, if any, visible arrhythmias.
However, as they age, the frequency and severity of arrhythmic events significantly in-
crease. Dogs between 22 and 26 weeks of age start to display significant arrhythmias, such
as frequent PVCs and polymorphic VTs [76]. This observable phenomenon indicates that
these arrhythmias are modulated by cumulative changes, especially developmental pro-
cesses related to heart rate-regulating mechanisms. It has been noted that arrhythmias
tend to be prominent during the so-called sinus bradycardia hypoactivity or during the
pauses, which are either spontaneous or drug-induced [75,76].

The pathophysiology of these arrhythmias involves abnormalities in ventricular my-
ocardial cells, particularly in the balance between sympathetic and parasympathetic nerv-
ous system activity. Research on the sympathetic innervation of the heart indicates that
GSDs with inherited arrhythmias might demonstrate some form of abnormal sympathetic
innervation, especially in the anteroseptal left ventricle [77]. This abnormal innervation
leads to an enhanced response to (3-adrenergic stimulation, which is likely to cause de-
layed afterdepolarizations (DADs) and other forms of arrhythmic activity [77].

Electrophysiological studies have revealed that these dogs also exhibit significant dif-
ferences in their cardiac electrophysiological properties compared to unaffected dogs. For
example, when challenged with drugs like isoproterenol, GSDs with arrhythmias show
more pronounced changes in action potential duration and a higher incidence of triggered
activity [77]. This triggered activity is of particular concern because it initiates arrhythmias
such as VT. Moreover, studies have shown that these dogs have more arrhythmias under
more specific conditions, such as the presence of stressors, including [3-adrenergic ago-
nists, and during bradycardia [75].

The genetic basis for these arrhythmias remains under investigation, though it is clear
that the condition is inherited. Pedigree analyses of affected GSDs have shown that the
disorder likely follows an autosomal dominant pattern of inheritance, with significant var-
iation in symptom severity among affected dogs [78].

GSDs with inherited ventricular arrhythmias provide a valuable natural model for
studying the mechanisms underlying sudden cardiac death, particularly the role of age,
heart rate variability, and sympathetic nervous system dysfunction in arrhythmia initia-
tion. Further research into these mechanisms may offer insights into similar conditions in
humans, especially those that lead to sudden death in apparently healthy individuals.

Boxer Model of Sudden Death

Pedigree analysis of affected boxers has revealed that their ventricular arrhythmias
are inherited as an autosomal dominant trait [79]. Sudden death in affected boxers com-
monly occurs in adulthood, with a broad age range of 2 to 8 years. While sudden death
may be the first clinical sign, most boxers experience episodes of syncope. Both death and
syncope are often associated with exercise and excitement [80]. Although some dogs have
coexisting myocardial failure, most with VT show no clinical signs of congestive heart
failure and have normal echocardiographic results. The ventricular arrhythmia may be
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merely rare ventricular premature depolarizations with or without fixed coupling, parox-
ysms of ventricular tachycardia, or sustained tachycardia. The electrocardiographic and
histologic features that characterize boxers with sudden death are similar to arrhythmo-
genic right ventricular dysplasia. Therefore, they can be used as a model for this disease.

The natural model of arrhythmogenic right ventricular cardiomyopathy (ARVC) in
boxer dogs, described by Basso et al. [81], is among the most thoroughly characterized
spontaneous animal models of this disease and shows remarkable similarity to its human
counterpart. The study analyzed 23 dogs presenting with sudden death, syncope, and
ventricular arrhythmias of suspected right ventricular origin. Each animal underwent a
comprehensive diagnostic evaluation, including 24 h Holter monitoring, full necropsy,
and quantitative histopathological and immunohistochemical assessment (H&E, Hei-
denhain trichrome, CD45/CD43/CD68 markers), as well as apoptosis detection using the
TUNEL assay. In selected cases, MRI of fixed tissue samples was performed, allowing
precise correlation between regions of high signal intensity and histologically confirmed
adipose infiltration.

Across all examined hearts, investigators identified extensive transmural loss of right
ventricular cardiomyocytes with replacement by adipose or fibrofatty tissue, predomi-
nantly affecting the infundibular and anterolateral regions. These lesions formed islands
of surviving myocardium embedded within adipose tissue, a hallmark morphological
pattern of ARVC. Additionally, 61% of dogs exhibited myocarditis, and nearly 40%
showed evidence of cardiomyocyte apoptosis, indicating that inflammatory-degenerative
processes likely accelerate myocardial injury and create a highly arrhythmogenic sub-
strate. Clinically, many dogs demonstrated episodes of ventricular tachycardia and very
frequent premature ventricular complexes, while sudden death often occurred as the first
manifestation. Familial clustering was observed in several cases, supporting an autosomal
dominant mode of inheritance consistent with human ARVC.

The integration of advanced histologic, immunohistochemical, and imaging tech-
niques with a clear and clinically significant arrhythmogenic phenotype makes the boxer
model described by Basso et al. a highly valuable translational tool. It enables detailed
investigation of mechanisms underlying sudden cardiac death—including fibrofatty re-
modeling, myocardial inflammation, apoptosis, and conduction abnormalities—and pro-
vides a robust platform for evaluating emerging diagnostic strategies and therapeutic in-
terventions relevant to human cardiovascular medicine. They documented a high degree
of clinical and pathological similarity to this disease in humans.

Oyama et al. [82] performed a comprehensive analysis of calcium-handling abnor-
malities in boxer dogs with ARVC, integrating molecular, biochemical, and electrophysi-
ological approaches. Methods included oligonucleotide microarray profiling, RT-qPCR
validation, RyR2 immunoprecipitation, immunoblot quantification of calstabin-2
(FKBP12.6), and single-channel recordings using planar lipid bilayers to assess RyR2 gat-
ing behavior. Affected dogs displayed markedly reduced calstabin-2 levels in the RyR2
complex despite normal RyR2 expression, indicating selective disruption of channel sta-
bilization. Single-channel analyses revealed increased open probability of RyR2, con-
sistent with pathological diastolic Ca?* leak—a well-established mechanism leading to
ventricular tachyarrhythmias. This model provides one of the few large-animal, naturally
occurring examples of Ca*-leak-mediated ventricular arrhythmias, offering exceptional
translational value for studying ion-handling defects relevant to human ARVC and cate-
cholaminergic arrhythmia syndromes.

Meurs et al. [83] conducted a detailed genetic investigation in boxer dogs with ARVC
and identified an 8 bp deletion in the 3'UTR of the striatin (STRN) gene, strongly associ-
ated with the disease phenotype. The study included targeted PCR, direct DNA sequenc-
ing of STRN regions, and mRNA expression analysis, combined with phenotypic
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assessment based on 24 h Holter monitoring. Dogs homozygous for the mutation exhib-
ited markedly higher premature ventricular complex (PVC) counts. Immunofluorescence
localization studies demonstrated that striatin colocalizes with key desmosomal proteins
within the intercalated disc, reinforcing its role in mechanical coupling and arrhythmo-
genesis. This work established a spontaneous, genetically defined large-animal model of
desmosomal disease, providing a valuable parallel to human ARVC and enhancing the
translational relevance of boxer dogs in ventricular arrhythmia research.

Oxford et al. [84] used quantitative transmission electron microscopy (TEM) to eval-
uate intercalated disc structures in eight boxer dogs with histopathologically confirmed
ARVC. The methodology involved precise measurement of desmosomes, gap junctions,
and adherens junctions in both right and left ventricles, using standardized tissue pro-
cessing protocols and Image]J-based morphometric analysis (Image ] 1.38X software). The
study demonstrated significant reductions in the number of these junctional complexes,
as well as shortened desmosomal lengths, reflecting impaired structural coupling. Addi-
tionally, the authors observed electron-dense material originating from the Z-band and
extending into the sarcomere, along with cytoskeletal disorganization assessed via a-ac-
tinin immunoblotting. These ultrastructural abnormalities closely mirror those reported
in human ARVC and constitute a clear anatomic substrate for ventricular arrhythmias,
supporting the boxer as a robust translational model for studying impaired cellular con-
nectivity and arrhythmogenic remodeling.

Doberman Pinscher Dilated Cardiomyopathy

Approaching the Doberman pinscher as a natural model for studying functional ven-
tricular arrhythmias in dilated cardiomyopathy (DCM) provides fundamental insights
into the role of these dogs in arrhythmia research and cardiac arrest. Dobermans have an
inherited disposition to develop DCM. The hallmark of this disease is the presence of ven-
tricular arrhythmias like premature ventricular complexes and episodes of ventricular
tachycardia [85]. These arrhythmias often progress to more severe forms, including ven-
tricular fibrillation, which can result in sudden death. The natural progression of DCM in
Dobermans is well established, with the disease typically following a three-stage progres-
sion. The first stage is the occult stage, where the patient exhibits no clinical signs, but
electrical events such as PVCs can be detected. The next stage is associated with heart
failure. In the end, the dog may die suddenly or along with congestive heart failure. For
this reason, Dobermans may serve as excellent research animals for the study of arrhyth-
mia pathogenesis and mechanisms of death.

Calvert et al. [86] described a large group of Doberman pinschers (n = 54) with occult
dilated cardiomyopathy (DCM), demonstrating that these dogs frequently develop prem-
ature ventricular complexes (PVCs), non-sustained and sustained ventricular tachycardia
(VT), and sudden cardiac death. The study employed comprehensive echocardiographic
evaluation, 24-48 h Holter monitoring, and detailed necropsy with histopathological anal-
ysis of dogs that died suddenly. Importantly, malignant ventricular arrhythmias occurred
even in the occult phase, when echocardiographic parameters were still within normal
limits. Histology consistently revealed diffuse myocardial fibrosis, myocyte degeneration,
and fatty replacement—structural abnormalities that closely mirror the arrhythmogenic
substrate of human DCM. This work positions the Doberman as a robust translational
model for studying early ventricular arrhythmogenesis, risk stratification, and therapeutic
responses in dilated cardiomyopathy.

Smucker et al. [87] were the first to propose the Doberman pinscher as a natural,
large-animal analogue of human dilated cardiomyopathy with a high risk of ventricular
arrhythmias. In a controlled comparison of Dobermans (n = 30) and mixed-breed dogs (n
= 41), the authors combined two-dimensional echocardiography, cardiac catheterization,
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and coronary blood flow measurements using microsphere techniques. Dobermans
showed significantly reduced left ventricular fractional shortening, chamber dilation, and
impaired contractility despite minimal clinical signs—changes that represent the func-
tional underpinnings of human DCM. These structural and systolic abnormalities create
a substrate highly susceptible to ventricular ectopy and tachyarrhythmias. The study laid
the groundwork for using the Doberman as a translational model to investigate the pro-
gression from early LV remodeling to clinically significant ventricular arrhythmias and
sudden cardiac death.

Wess et al. [88] identified a subset of Doberman pinschers with DCM in which disease
progression and ventricular arrhythmias were associated with circulating functional (31-
adrenergic receptor autoantibodies (31-AAB). In a group of 118 dogs, the researchers used
a cardiomyocyte bioassay to quantify 31-AAB activity and correlated these findings with
Holter-derived ventricular arrhythmia burden and echocardiographic indices. Dogs with
high 31-AAB activity exhibited significantly more PVCs, increased incidence of VT, and
reduced survival. Notably, therapeutic agents known to neutralize human f1-AAB (in-
cluding loop-mimicking peptides and aptamers) inhibited the activity of the canine anti-
bodies in vitro, highlighting a direct mechanistic parallel to autoimmune DCM in humans.
This model provides a unique translational platform for studying immune-mediated ven-
tricular arrhythmias and for developing targeted immunomodulatory therapies relevant
to human cardiology.

The relevance of Dobermans as a model extends to their usefulness in evaluating
therapeutic strategies to control ventricular arrhythmias and modify the natural course of
dilated cardiomyopathy. In the comprehensive review by O’Grady and O’Sullivan [85],
these dogs were highlighted as a particularly valuable population for assessing the effi-
cacy of antiarrhythmic interventions, as their disease progression closely mirrors that seen
in human DCM. Clinical studies have demonstrated that therapies such as 3-blockers and
ACE inhibitors can reduce ventricular ectopy, improve hemodynamic stability, and delay
the onset of congestive heart failure. Moreover, the predictable progression of the dis-
ease—from an occult arrhythmogenic phase to overt myocardial dysfunction —combined
with a high incidence of malignant ventricular tachyarrhythmias and sudden death, al-
lows for systematic evaluation of prophylactic and disease-modifying treatments. Due to
the heritable nature of DCM in this breed, Dobermans also provide a consistent and re-
peatable model for investigating long-term therapeutic responses and preventive strate-
gies. Collectively, these features make the Doberman an invaluable large-animal model
for translational studies aimed at improving therapeutic approaches for ventricular ar-
rhythmias and heart failure in humans.

The main experimental and naturally occurring canine models of ventricular arrhyth-
mias discussed above are summarized in Table 4.

Table 4. Comparative overview of canine ventricular arrhythmia models and their translational

utility.
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Abbreviations: ARVC —arrhythmogenic right ventricular cardiomyopathy, CHF —congestive heart

failure, DCM —dilated cardiomyopathy, PVC—premature ventricular complex, nsVT/sVT—non-

sustained ventricular tachycardia/sustained ventricular tachycardia, SCD—sudden cardiac death,

TdP—Torsade de pointes, TEM—transmission electron microscopy, VF—ventricular fibrillation,

VT —ventricular tachycardia.

3.6. Feline Model

3.6.1. Ischemic Ventricular Arrhythmias Models

For studying the pathological ischemia-driven mechanisms of ventricular arrhyth-

mias, cats, like dogs, serve as valuable models due to their structural and
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electrophysiological similarities to human hearts. Nevertheless, cats differ from dogs and
humans in that they have a more monophasic action potential, which means there is less
difference between layers of myocardial repolarization, rendering the feline heart less
prone to re-entry-type arrhythmias. While cats do not exhibit the biphasic type of ischemic
ventricular arrhythmias, their neurogenic control of cardiac function makes them ideal
subjects for examining the autonomic contribution to arrhythmogenesis. Compared to ro-
dents, cats possess a more developed autonomic balance with well-established sympa-
thetic and parasympathetic control, which is important in ischemic arrhythmias. Their
heart rate, although higher than that of humans, remains within a range that allows re-
search on ischemic conduction disturbances. In addition, evidence suggests that, like dogs,
cats have a significant neural component in ischemic arrhythmias, making them particu-
larly useful for studying the autonomic system, baroreceptors, and neurogenic modula-
tion of arrhythmogenicity.

Experimental Ischemic Model

The model described by Gillis in 1971 provided significant evidence on the neuro-
genic modulation of ischemia-induced ventricular arrhythmias using a feline model [89].
The issue poses a problem with the autonomic nervous system brought out in an animal
model where the left coronary artery was occluded, and sympathetic and/or vagal activi-
ties were monitored. Cats were put under anesthesia and underwent neurosurgical pro-
cedures like spinal cord C-1 level section and bilateral vagotomy, which offered the pos-
sibility of examining the central and peripheral control of the heart. The findings estab-
lished that there was a rapid increase in both sympathetic and vagal nerve activity follow-
ing ventricular tachycardia and fibrillation after coronary artery occlusion. In animals
where the autonomic nervous system influence was cut off, mortality from arrhythmia
was very low with long survival time after ischemia. This study established that ventric-
ular arrhythmias persisted even in the absence of local myocardial factors responsible for
autonomic changes, suggesting that these changes are reflex in origin and reflect increases
in ischemic arrhythmogenicity. This model was especially useful for examining the rela-
tionship between the heart and the autonomic nervous system, providing valuable in-
sights into the neurogenic sources of arrhythmias and ways to treat them.

3.6.2. Experimental Non-Ischemic Models
Digitalis Arrhythmias

The study by Somberg employed a feline model to study the autonomic nervous sys-
tem’s contribution to the mechanisms of digitalis glycoside-induced ventricular arrhyth-
mias [90]. In this experiment, the sodium-potassium pump inhibitor, ouabain, was given
as an injection, which resulted in increased levels of intracellular calcium in cardiomyo-
cytes and increased excitability of the myocardium. The study concluded that digitalis
arrhythmias have not only a cardiac origin but also a strong neurogenic origin. Transec-
tion of the spinal cord at the C-1 level markedly increased the digitalis dose required to
produce toxicity, suggesting some degree of central nervous system control over arrhyth-
mia development. Vagal stimulation of the postrema area induced ventricular tachycardia,
demonstrating that the nervous system can also depress cardiac excitability induced by
digitalis. The use of metoclopramide, a dopamine receptor blocker, increases the thresh-
old of arrhythmia induced by ouabain, which shows how peripheral and central neuro-
genic mechanisms of digitalis” arrhythmias can be modulated pharmacologically. The cat
heart model has aided in understanding the relationship between the heart and the nerv-
ous system during digitalis poisoning and suggests potential treatment approaches
through neurogenic modulation. This model cannot ethically be used in living intact ani-
mals because the use of digitalis glycosides causes intense and uncontrollable vomiting.
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Epinephrine-Induced Arrhythmias

The research performed by Muir et al. using cats gave insight into anesthetic interac-
tions with epinephrine-induced ventricular arrhythmias [91]. The study examined the im-
pact of halothane, ether, and cyclopropane anesthetics on the heart rate and on the pro-
pensity for conduction disturbances during periods of heightened adrenergic activity. The
cats underwent anesthesia with halothane at concentrations ranging from 1 to 3% blended
with nitrous oxide and oxygen. They were then monitored for changes in heart rhythm
by assessing their hemodynamic and electrophysiological parameters. In conjunction with
halothane, sympathetic stimulation induced an arrhythmogenic effect that increased the
propensity to ventricular arrhythmias, particularly in the case where epinephrine was ad-
ministered. Most cats showed multiple ectopic beats and interference dissociation 15 min
after the start of anesthesia, and this effect was further enhanced after intravenous epi-
nephrine. Such disorders were not seen in ether anaesthetized cats, leading to the conclu-
sion that halothane does, in fact, increase cardiac sensitivity to adrenergic stimulation. In
cases of hyperventilation, the arrhythmias were eliminated only under low carbon diox-
ide conditions, whereas an elevated carbon dioxide concentration resulted in persistent
arrhythmias; this suggests that hypercapnia plays an important role in the genesis of these
arrhythmias, likely through respiratory acidosis-mediated alterations in myocardial elec-
trophysiological properties. Specifically, the decrease in pH affects ion channel function
and alters action potential duration, which can promote re-entrant circuits and triggered
activity [92]. Furthermore, hypercapnia has been shown to increase circulating catechola-
mines and significantly lower the arrhythmogenic dose of epinephrine (ADE), especially
under halothane anesthesia, which further sensitizes the myocardium to adrenergic stim-
ulation [93].

3.6.3. Natural Feline Model of Arrhythmogenic Right Ventricular
Cardiomyopathy (ARVC)

Fox et al. [94] presented a group of 12 domestic cats with naturally occurring ar-
rhythmogenic right ventricular cardiomyopathy (ARVC), providing one of the few non-
canine spontaneous models of ventricular arrhythmias with strong translational relevance.
Using ECG, echocardiography, gross pathology, and detailed histopathology, the authors
demonstrated that affected cats exhibited frequent ventricular ectopy, including PVCs
and polymorphic ventricular tachycardia, while 5 of 8 monitored animals showed right
bundle branch block, closely mirroring the electrophysiologic phenotype of human ARVC.
Morphological analysis revealed right-ventricular enlargement in 2.7/3 severity score vs.
0 in controls (p <0.001) and right-atrial dilation (2.8 vs. 0; p <0.001), while left-sided cham-
bers were largely unaffected —reproducing the chamber specificity characteristic of the
human disease. Histopathology showed classic fibrofatty myocardial replacement in 9/12
cats, pure fatty infiltration in 3/12, and apical or free-wall right-ventricular aneurysms in
6/12, all of which are hallmark features of human ARVC. Immunohistochemistry demon-
strated extensive apoptosis (TUNEL-positive) with indices reaching up to 28% of myo-
cytes in severely affected RV regions, along with inflammatory infiltrates in 10/12 cats,
highlighting mechanisms strongly implicated in human ARVC.

Although this model closely recapitulates the structural and electrophysiologic sub-
strate of human ARVC, the authors noted several limitations: the small sample size, ab-
sence of identified genetic mutations, and the tendency of affected cats to die from pro-
gressive right-sided heart failure rather than sudden death, although a similar congestive
phenotype is observed in a subset of human ARVC patients. Despite these limitations,
spontaneous feline ARVC remains a uniquely valuable translational model for studying
ventricular arrhythmias, fibrofatty myocardial remodeling, inflammation, and apoptosis-
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driven arrhythmogenesis in a naturally occurring large-animal context. Feline models
used in research on ventricular arrhythmias are presented in Table 5.

Table 5. Comparative overview of feline ventricular arrhythmia models and their translational util-

ity.
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Abbreviations: ARVC —arrhythmogenic right ventricular cardiomyopathy, CHF —congestive heart
failure, CNS—central nervous system, LCA—left coronary artery, PVC—premature ventricular
complex, RBBB—right bundle branch block, RV —right ventricular, VF—ventricular fibrillation,

VT —ventricular tachycardia.

4. Conclusions

Life-threatening ventricular arrhythmias remain a serious medical problem. Despite
significant progress in research into their causes and prevention, the mechanisms of ven-
tricular arrhythmias associated with myocardial infarction, ischemia, and drug-induced
arrhythmias are still not fully understood. In vivo animal models play an important role
in these analyses because they partially reflect human conditions, although the results
must be interpreted with caution due to interspecies differences. At the same time, re-
search methods that limit the use of animals are being sought due to ethical concerns. A
stable and reproducible model for evaluating ventricular arrhythmias mechanisms and
potential therapies is still needed, but it is difficult to develop a single, universal model
for all ventricular arrhythmias mechanisms, as they depend on many biological factors.
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