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Abstract

Current understanding of cardiac electrophysiology has been greatly aided by computational work 

performed using rabbit ventricular models. This article reviews the contributions of multiscale 

models of rabbit ventricles in understanding cardiac arrhythmia mechanisms. This review will 

provide an overview of multiscale modeling of the rabbit ventricles. It will then highlight works 

that provide insights into the role of the conduction system, complex geometric structures, and 

heterogeneous cellular electrophysiology in diseased and healthy rabbit hearts to the initiation and 

maintenance of ventricular arrhythmia. Finally, it will provide an overview on the contributions of 

rabbit ventricular modeling on understanding the mechanisms underlying shock-induced 

defibrillation.
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 I. Introduction

The rabbit animal model is used extensively in experimental cardiac electrophysiological 

studies due to its lower housing costs compared to larger animals (eg., dogs, sheep, pigs) 

while simultaneously providing a reasonable approximation of human cardiac 

electrophysiological activity compared to smaller animals (eg rats, mice, guinea pigs). 

Rabbit cardiac electrophysiological characteristics have been shown to reasonably match the 

human's in terms of the relationship between wavelength and cardiac size (Hill et al., 2013), 

the presence of a strong transient outward Ito current (Varró et al., 1993), as well as the 

similar dynamics of the repolarizing IKr and IKs currents (Husti et al., 2015; Zicha et al., 

2003).
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Over the past ∼35 years, computational modeling has emerged as an important tool that can 

explain cardiac electrophysiological mechanisms that cannot be easily elucidated from 

experimental techniques alone. To complement the use of rabbit ventricles in experimental 

studies, much effort has been devoted to the development of computational modeling tools 

and techniques for representing the electrophysiology of the rabbit heart at the cell, tissue, 

and organ scales. The focus of this paper is to summarize recent contributions of studies 

utilizing computational models of the rabbit ventricles in uncovering the mechanisms of 

arrhythmia induction, maintenance, and termination. The works reviewed below developed 

and utilized rabbit ventricular models of various complexity, in healthy and diseased states, 

to advance the understanding of how structural and electrophysiological heterogeneities 

affect cardiac electrical function.

 II. Multi-scale building blocks for modeling rabbit cardiac 

electrophysiology

At the cell scale, the basic units of computational electrophysiology are action potential 

(AP) models, which describe membrane kinetics via coupled systems of nonlinear ordinary 

differential equations (ODEs). These equations represent current flow through ion channels, 

pumps, and exchangers as well as subcellular calcium cycling and are solved to observe how 

states (transmembrane potential [Vm] and ionic concentrations) evolve over time as they 

interact with one another and respond to perturbations. Many rabbit-specific models have 

been developed, with variants representing the behavior of several different parts of the 

heart, all of which provide important building blocks for the execution of realistic multi-

scale simulations.

The first rabbit-specific AP model for ventricular myocytes was developed by Puglisi and 

Bers (Puglisi and Bers, 2001). In subsequent years, this model was carefully refined to 

incorporate a more realistic representation of high-gain Ca2+-induced Ca2+ release from the 

sarcoplasmic reticulum (Shannon et al., 2004) and to reproduce the emergence of Ca2+ 

transient alternans during rapid pacing (Mahajan et al., 2008; Romero et al., 2011). Models 

from this lineage have been used subsequently to demonstrate that execution of simulations 

with a range of conductance values for repolarizing currents results in the reproduction of 

physiologically relevant variability in rabbit ventricular AP shape (Fig. 1A) (Gemmell et al., 

2014). A more recent innovation has been the development of rabbit-specific AP models 

geared towards representing specialized cells of the atrioventricular node (AVN) and 

penetrating His bundle (Inada et al., 2009) as well as fibers of the Purkinje system (PS) 

(Aslanidi et al., 2010; Corrias et al., 2011).

A smaller number of studies have even attempted to characterize tissue-scale 

electrophysiological properties in rabbit hearts. For example, Tice et al. developed a slice 

model of the rabbit ventricles with regional phase 1A ischemia by incorporating realistic 

transmural gradients in extracellular potassium concentration ([K+]e), ion channel 

expression, and adenosine triphosphate (ATP) availability (Tice et al., 2007).

Finally, at the organ scale, numerous groups have published detailed descriptions of the 

macroscopic geometry of the rabbit ventricles. A seminal example is the work of Vetter and 
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McCulloch, who cast the rabbit myocardium in dental rubber and then analyzed the full 

stack of 2-3 mm-thick short-axis slices to produce a 3-dimensional reconstruction of 

ventricular geometry including a detailed description of myofiber architecture (Vetter and 

McCulloch, 1998). The same ventricular geometry (sometimes called the UC San Diego 

rabbit heart) has been re-discretized by several different groups (Fig. 1B) (Boyle et al., 2010; 

Deo et al., 2013; Fenton et al., 2005; Hill et al., 2016; Meunier et al., 2002; Sampson and 

Henriquez, 2005) and used in a majority of the computational studies of rabbit ventricular 

electrophysiology described elsewhere in this review. More recently, the advent of powerful 

new magnetic resonance imaging (MRI) tools has enabled the reconstruction of even more 

detailed cardiac models, such as the rabbit ventricular model developed as part of the Oxford 

3D Heart Project (Bishop et al., 2010b; Burton et al., 2006; Vadakkumpadan et al., 2010; 

Vadakkumpadan et al., 2009). Such MRI-based models are sufficiently high-resolution (25 

μm) that is possible to incorporate detailed representations of fine-grain anatomical features 

such as blood vessels, endocardial trabeculations, and fibrous tissue bundles. Diffusion 

tensor MRI, which measures diffusivity of water in the tissue, has been used to obtain 

accurate representation of fiber architecture in the rabbit ventricles (Benson et al., 2008; 

Higham et al., 2011; Krishnamoorthi et al., 2014). Moreover, heterogeneous AP properties 

can be assigned to histologically distinct regions (e.g., PS fibers), which can be manually or 

automatically segmented via image processing techniques (Fig. 1C) (Bishop et al., 2010b; 

Vadakkumpadan et al., 2009). Finally, organ-scale models of several components of the 

rabbit's specialized conduction system have been developed and coupled with ventricular 

models for use in computational studies aiming to study the AVN (Inada et al., 2009) and the 

PS (Atkinson et al., 2011; Behradfar et al., 2014; Bordas et al., 2011; Boyle et al., 2010; 

Vigmond and Clements, 2007).

 III. Initiation and Perpetuation of Ventricular Arrhythmia

 a) Contributions of the Cardiac Conduction System

In addition to its critical role in the coordination of ventricular excitation, the PS has been 

implicated as a factor in the initiation and maintenance of arrhythmias, including 

catecholaminergic polymorphic ventricular tachycardia (CPVT) (Cerrone et al., 2007) and 

idiopathic ventricular fibrillation (Haissaguerre et al., 2002; Hooks et al., 2015). However, 

complete understanding of these contributions has been elusive because bioelectric activity 

in the PS must be inferred from low-amplitude electrograms (Robichaux et al., 2010). 

Consequently, computational simulations have been an important driver for improving 

understanding of PS-related arrhythmias in the past decade. Rabbit models have been 

particularly useful in this context due to similarities between human and rabbit arrhythmia 

dynamics (Panfilov, 2006) and PS geometric structure (unlike in dogs, pigs, and larger 

ungulates, human and rabbit PS fibers barely penetrate the endocardial surface) (Coghlan et 

al., 2006; Tranum-Jensen et al., 1991).

One of the most recent findings facilitated by simulation-based research involving a rabbit 

model is that stochastically-timed cell-scale Spontaneous Calcium Release (SCR) events in 

the PS are much more likely to overcome source-sink imbalance and trigger organ-scale 

Premature Ventricular Contractions (PVCs) compared to SCRs occurring in the electrically 
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well-coupled myocardium (Campos et al., 2015). Even though the number of ventricular 

cells was ∼2 orders of magnitude larger than the number of PS fibers, all ectopic foci 

observed in this study occurred in the PS, without exception, with the majority (∼68%) 

occurring within 1 mm of a Purkinje-myocardial junction (PMJ) (Fig. 2A). Using a similar 

model, Zamiri et al. showed that delayed afterdepolarizations elicited propagating APs in the 

PS but not in the myocardium (Fig. 2B) and demonstrated that simulated application of the 

RYR-2 blocker Dantrolene to the PS alone was adequate to completely extinguish these 

potentially pro-arrhythmic excitations (Zamiri et al., 2014). In a related study, Baher et al. 

used a rabbit model to demonstrate that alternating excitation of the left and right sides of 

the PS (driven by reciprocating ectopic foci) produced a bidirectional ECG consistent with 

patterns seen in CPVT patients (Baher et al., 2011).

A related research trajectory is the use of rabbit computational models to better understand 

how the distinct topological structure and electrophysiology of the PS can contribute to the 

substrate for initiation and perpetuation of various types of reentrant arrhythmia. Simulation 

studies have shown that a single ectopic beat originating in the PS can initiate reentry (Deo 

et al., 2010) and that the dynamics of reentrant wavefront propagation in ventricular tissue 

can be strongly influenced by electrical interaction with coupled tissue in the PS (Boyle et 

al., 2013a; Deo et al., 2009). Effects observed in the latter studies include rotor stabilization 

due to refractoriness around PMJs, wavebreak caused by excitation emerging from the PS, 

rapid shunting of activation between distant ventricular sites via PS propagation, and 

increased spatial heterogeneity of left ventricular activation rate due to breakthroughs from 

the PS.

Lastly, rabbit models have been used to better understand how PS contributions might affect 

the treatment of heart rhythm disorders. For example, early excitations caused by field-

induced depolarization of PS fibers have been shown to accelerate ventricular activation in 

response to weak electric shocks by up to ∼30% (Boyle et al., 2010). Modeling research has 

also shown that retrograde excitation of the PS via pacing-induced wavefronts can lead to 

faster than expected organ-scale activation in the context of cardiac resynchronization 

therapy (Romero et al., 2010) or complicate diagnostic differentiation between orthodromic 

reciprocating tachycardia and other forms of supraventricular arrhythmia (Boyle et al., 

2013b). Simulations in rabbit models were also used to explore low-energy arrhythmia 

termination based on the emerging technology of cardiac optogenetics (Boyle et al., 2013c). 

Light-based stimulation of the PS via tissue-specific optogenetic targeting was shown to be 

much more energy efficient than when a similar approach was used to directly excite 

ventricular tissue.

 b) Contributions of Ventricular Geometry

Previous experimental and simulation studies have investigated the effects of heterogeneous 

ventricular geometry on electrical propagation in the heart (Fast and Kleber, 1995b). In 

particular, it has been known that sites of tissue expansion could promote conduction block 

due to source-sink mismatch (Fast and Kleber, 1995a; Xie et al., 2010). The pro-arrhythmic 

effects of this mechanism was investigated in a computational study using the UCSD rabbit 

ventricular geometry (Boyle et al., 2014). Boyle et al demonstrated that in structurally 
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normal ventricles with decreased sodium channel expression, a condition typical in genetic 

disorders such as Brugada syndrome (Berne and Brugada, 2012), macroscopic geometric 

heterogeneities can provide the substrate for arrhythmia initiation in the ventricles. They 

found that PVCs originating from the RV outflow tract failed to propagate through the 

RV/LV junction and initiated reentry (Fig. 3). Calculating the 3D safety factor (SF), an index 

that represents conduction robustness by measuring the amount of excess charge delivered 

from cell to cell, showed that sites where thin RV adjoins thick LV tissue had large regions 

of critical source-sink mismatch (SF<1). An SF value of less than 1 indicates that not 

enough charge is available to excite cells and thus conduction block results.

The possible effects of microscopic structural heterogeneity on electrical propagation has 

also been explored in rabbit ventricles. The Oxford rabbit heart model (Bishop et al., 2010b), 

constructed from high resolution MRI (<20 μm), accurately captured the complex 

ventricular geometry including endocardial trabeculations, blood vessels, and papillary 

muscles. In a series of studies using this model, investigators report that the matrix of 

endocardial trabeculae and papillary muscles could provide shortcut pathways that altered 

the overall activation pattern compared to a model that excludes these structural details 

(Bishop et al., 2010b). In a subsequent study, the same investigators report that these 

shortcut pathways do not significantly alter propagation during reentrant activity (Bishop 

and Plank, 2012). However, when chaotic ventricular fibrillation (VF) is induced, the 

complexity increased in the structurally detailed models, with filaments (the organizing 

center of reentrant activity) clustering around endocardial structures (Bishop and Plank, 

2012). The results of these studies underscore the potentially important role cardiac 

microstructure could play in determining specific propagation patterns during arrhythmia.

 c) Contributions of Intrinsic Electrophysiological Heterogeneity

Electrophysiological heterogeneity due to different regional expression levels of various 

ionic currents have been known to exist in mammalian ventricles (Antzelevitch and Fish, 

2001). This manifest as action potential (AP) morphology differences from endocardium-

epicardium (Fedida and Giles, 1991; Idriss and Wolf, 2004; Xu et al., 2001), apex-to-base 

(Cheng et al., 1999), and LV vs RV (Samie et al., 2001). The effects of these intrinsic AP 

heterogeneities on arrhythmia initiation and maintenance have been investigated using 

biventricular models of the rabbit ventricles. A study that incorporated both transmural and 

apicobasal AP heterogeneity found that in the setting of sustained arrhythmia, the presence 

of AP heterogeneity did not significantly alter activation patterns or arrhythmia complexity 

(Bishop et al., 2013). This is due to the effects of electrotonic coupling, which modulated the 

AP morphology differences, and the fast rate of activation during reentrant activity resulting 

in shortened AP duration throughout the ventricles. However, the investigators found that the 

ventricles with AP heterogeneity were more susceptible to regional conduction block and 

arrhythmia induction during delivery of premature stimuli. In the homogeneous ventricles, 

delivery of premature stimuli was more likely to result in complete block that failed to 

initiate arrhythmia.

In the setting of VF, AP heterogeneity has been found to have a significant role in 

determining the spatiotemporal organization of scroll waves. Modeling studies have shown 
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that filament stability is sensitive to the presence of heterogeneity, with increased 

heterogeneity resulting in increased likelihood of filament break-up and increased 

complexity of VF dynamics (Clayton et al., 2006; Xie et al., 2001). In the normal rabbit 

ventricles, Arevalo et al demonstrated that the behavior of the filaments was found to depend 

on AP duration (APD) heterogeneity in the ventricles (Arevalo et al., 2007). The rabbit 

ventricular model incorporated LV and RV APD heterogeneity due to differences in 

expression of the inward rectifier current (Samie et al., 2001). The study found that the 

presence of APD heterogeneity induced a more turbulent VF with increased incidence of 

conduction block and formation of new reentrant circuits at the RV/LV border (Fig. 4).

 d) Contributions of Remodeling Due to Ischemia and Myocardial Infarction

Ventricular remodeling during ischemia and infarction further exacerbate ventricular 

heterogeneity and directly influence the inducibility and maintenance of arrhythmic activity. 

During ischemia, decreased perfusion due to coronary occlusion results in hyperkalemia, 

activation of the ATP-sensitive potassium current, and acidosis (Pinto and Boyden, 1999; 

Shaw and Rudy, 1997a; Shaw and Rudy, 1997b). Rabbit ventricular models representing 

regional ischemia (Jie et al., 2008; Jie and Trayanova, 2010) have characterized the substrate 

for ischemia phase 1B arrhythmias by examining how the interplay between different 

degrees of hyperkalemia in the surviving layers, and the level of cellular uncoupling between 

these layers and the mid-myocardium combine with the specific geometry of the ischemic 

zone in the ventricles to result in reentrant arrhythmias. In a subsequent study, Jie et al. 

incorporated mechanics into the ischemic rabbit model to gain insight into the potential role 

of electromechanical dysfunction in post-ischemia induction of premature beats and their 

degeneration into ventricular arrhythmia (Jie et al., 2010). They found that mechanical 

stretch in the ischemic region promoted arrhythmia via generation of ventricular premature 

beats and providing a substrate with slowed conduction due to stretch-related membrane 

depolarization.

Chronic occlusion of the blood vessels results in irreversible structural and electrical 

remodeling resulting in formation of infarcted tissue. In addition to the presence of scar 

tissue and partially viable myocytes in the peri-infarct zone (PZ), infarcted tissue has also 

been reported to have increased expression of myofibroblasts (Camelliti et al., 2005; Rohr, 

2009). Myofibroblasts have been reported to couple to surrounding myocytes and alter 

myocyte AP morphology (Vasquez et al., 2010). In lower scale simulation studies, 

myofibroblast coupling has been shown to shorten APD in surrounding myocytes by acting 

as an electrotonic sink (Ashihara et al., 2012; Jacquemet and Henriquez, 2008; MacCannell 

et al., 2007; Maleckar et al., 2009a; Maleckar et al., 2009b; Sachse et al., 2008). This effect 

was further explored by McDowell et al in a novel high resolution MRI-based model of 

infarcted rabbit ventricles that incorporated accurate representation of scar and PZ 

architecture (Fig. 5) (McDowell et al., 2011). In the study, the authors incorporated differing 

degrees of myofibroblast infiltration into the PZ. They found that the presence of 

myofibroblasts at low densities did not alter ventricular propensity to arrhythmia. At 

intermediate intensities, the myofibroblast induced APD shortening in the PZ region that 

increased APD dispersion and led to increased vulnerability to reentry. Interestingly, further 

increasing myofibroblast density was found to be protective against arrhythmia induction. 
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While the extent of myofibroblast differentiation and infiltration in infarcted hearts as well 

as the level of electrical coupling between myocytes and fibroblasts remain not fully 

understood, this work highlights the possible mechanisms of increased arrhythmia 

vulnerability in infarcted hearts.

 e) Contributions of Mechanoelectric feedback

One of the first attempts to computationally investigate the role of mechanoelectric feedback 

on arrhythmia mechanisms was performed by Li et al. in rabbit ventricles. They developed a 

pseudo-electromechanical models of the rabbit ventricles that incorporated stretch activated 

channels (SAC) to represent the effects of mechanical stimulation (Li et al., 2008; Li et al., 

2004; Li et al., 2006; Trayanova et al., 2004). In this simplified model, mechanical stretch 

resulted in the opening of SACs and hyperpolarization. Modeling real world mechanical 

stimuli such as impact from baseballs, the investigators provided insights into the 

mechanisms by which regional impact to the chest can lead to the induction of arrhythmias 

via heterogeneous recruitment of stretch activated channels (Li et al., 2004). They found that 

an appropriately sized mechanical force delivered at a narrow time window during sinus 

rhythm could induce arrhythmia in a normal heart. They further extended the application of 

pseudo-electromechanical modeling to investigate the role of stretch on arrhythmia 

termination via the precordial thump (Li et al., 2006) as well as defibrillation (Li et al., 2008; 

Trayanova et al., 2004).

 IV. Termination of Ventricular Arrhythmia

 a) Elucidating Mechanisms of Defibrillation

The most effective therapy for turbulent VF remains the delivery of an electric shock via 

external or implanted electrodes. Over the years, rabbit ventricular models of defibrillation 

have made significant contributions to understanding how defibrillation shocks interact with 

cardiac tissue (Aguel et al., 2003; Arevalo et al., 2007; Ashihara and Trayanova, 2004; 

Bourn et al., 2006; Hillebrenner et al., 2004; Maharaj et al., 2008; Maleckar et al., 2008; 

Meunier et al., 2002; Plank et al., 2008; Rodriguez et al., 2006; Rodriguez et al., 2005; 

Tandri et al., 2011; Trayanova et al., 1998). In particular, these models have been 

instrumental in the development of the virtual electrode polarization (VEP) theory for 

defibrillation (Efimov et al., 2000; Efimov et al., 1998; Trayanova et al., 1998). These 

studies have found that defibrillation shock success or failure depends on the pre-shock 

distribution of transmembrane potential as well as the timing and location of shock-induced 

wavefronts. In addition, recent simulation studies have helped understand the mechanisms of 

the isoelectric window that follows defibrillation shocks with strength near the defibrillation 

threshold (DFT): one of the proposed explanations for the isoelectric window duration is 

propagation of postshock activations in intramural excitable areas (“tunnel propagation”), 

bounded by long-lasting postshock depolarization of the cardiac surfaces.(Ashihara et al., 

2008; Constantino et al., 2010). Ventricular simulations using a section of the high 

resolution Oxford rabbit model have also given insights into the possible role of cardiac 

microstructure in the mechanisms of defibrillation (Bishop et al., 2010a). The investigators 

found that applied shock resulted in the formation of VEPs at the boundaries between blood 
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vessels and myocardium. The VEPs elicited the formation of wavefronts that propagated 

through excitable gaps and led to successful defibrillation (Bishop et al., 2012).

Rabbit ventricular models have also been used to elucidate the mechanisms of defibrillation 

in ischemic and infarcted hearts (Rantner et al., 2012; Rodriguez et al., 2004b; Rodriguez et 

al., 2004c). Rodriguez et al used the UCSD rabbit ventricle model to examine the role of 

electrophysiological remodeling during different phases of global acute ischemia in 

determining success or failure of defibrillation shocks (Rodriguez et al., 2004a; Rodriguez et 

al., 2004b; Rodriguez and Trayanova, 2003). Vulnerability grids were then constructed to 

determine the upper limit of vulnerability (ULV), the stimulus strength above which the 

shock cannot induce arrhythmia. The ULV has been shown to correlate with the DFT, which 

is the minimum energy required for successful cardioversion (Chen et al., 1986). Rodriquez 

et al found that within 2-3 minutes post-ischemia, ULV did not differ from the normoxic 

value. As ischemia progressed, they found that the hearts became less vulnerable to shocks 

resulting in decreased ULV. Uncovering the mechanisms responsible for this behavior 

showed that changes in the ULV were due to an increase in the spatial extent of shock-end 

excitation wavefronts, and the slower recovery from shock-induced positive polarization.

Modeling also provided insights into the potential underlying mechanisms determining 

increased vulnerability to shocks in infarcted hearts. Using the same high resolution MRI-

based model of infarcted rabbit ventricles used by McDowell et al (McDowell et al., 2011) 

and enriched with optical mapping data (Bishop et al., 2007b; Li et al., 2009), Rantner et al 

investigated the role of the presence of the infarct scar and PZ in determining the ULV 

(Rantner et al., 2012). They found that infarcted hearts had a significantly higher ULV (8 

V/cm) vs the control model which represented the ventricles as electrophysiologically 

homogeneous (4 V/cm). Mechanistically, the increase in ULV was due to weaker shock-

induced depolarization around the infarct which provided larger areas of excitable tissue for 

post-shock propagation (Fig. 6). In addition, delayed post-shock activation within the PZ 

provided a source for wavefronts that propagated through the excitable tissue and thus 

perpetuate arrhythmia.

 b) Exploring New Methods for Defibrillation

Recently, defibrillation modeling has focused on the development of new methodologies for 

low-voltage termination of lethal arrhythmias or for applying defibrillation in novel, less 

damaging ways. The study by Tandri et al. (Tandri et al., 2011) used sustained kilohertz-

range alternating current (AC) fields for arrhythmia termination. Termination of arrhythmia 

with AC fields has been attempted previously in simulations (Meunier et al., 2002; Meunier 

et al., 1999; Meunier et al., 2001) with limited success; the frequencies used in these studies 

were, however, substantially lower. The premise of the Tandri et al. study was that such 

fields have been known to instantaneously and reversibly block electrical conduction in 

nerve tissue. Aided by ventricular modeling, the article provided proof of the concept that 

electric fields, such as those used for neural block, when applied to cardiac tissue, similarly 

produce reversible block of cardiac impulse propagation and lead to successful 

defibrillation; it also showed that this methodology could potentially be a safer means for 

terminating life-threatening reentrant arrhythmias. Since the same AC fields block equally 
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well both neural and cardiac activity, the proposed defibrillation methodology could possibly 

be utilized to achieve high-voltage yet painless defibrillation. The follow-up study by 

Weinberg et al. (Weinberg et al., 2013) provided, again using ventricular simulations, a 

deeper analysis of the mechanisms that underlie the success and failure of this novel mode 

of defibrillation.

Recent experimental studies have shown that applied electric fields delivering multiple far-

field stimuli at a given cycle length can terminate VT, atrial flutter, and atrial fibrillation 

with less total energy than a single strong shock (Li et al., 2011; Li et al., 2009; Luther et al., 

2011). However, the mechanisms and full range of applications of this new mode of 

defibrillation have remained poorly explored. The recent simulation study by Rantner at al. 

aimed to elucidate these mechanisms and to develop an optimal low-voltage defibrillation 

protocol (Rantner et al., 2013). Based on the simulation results using a complex high-

resolution MRI-based ventricular wall model, a novel two-stage low-voltage defibrillation 

protocol was proposed that did not involve the delivery of the stimuli at a constant cycle 

length. Instead, the first stage converted VF into VT by applying low-voltage stimuli at 

instants of maximal excitable gap, capturing large tissue volume and synchronizing 

depolarization. Fig. 6 illustrates this approach; in this case the applied far-field pulse train 

directly terminated VF. The second stage was designed to terminate VT, in cases where it 

persisted, by multiple low-voltage stimuli given at constant cycle lengths. The energy 

required for successful defibrillation using this protocol was 57.42% of the energy for low-

voltage defibrillation when stimulating at the optimal fixed-duration cycle length.

 V. Mechanistic Understanding of Optical Mapping

The development of rabbit ventricular models has been greatly aided by the abundance of 

electrophysiological data on healthy and diseased rabbit hearts which can be used to validate 

model predictions. Most of these data were obtained via optical mapping which uses 

voltage-sensitive fluorescent dyes to measure electrical activity on the surface of the heart 

(Efimov et al., 2004; Gray et al., 1998; Mironov et al., 2008). However, inherent properties 

of light and myocardium results in photon scattering and distortion of the recorded signal. 

To understand how photon scattering can affect the interpretation of optical mapping data, 

Bishop et al used a rabbit ventricular model combined with a 3D model of photon scattering 

in a series of simulation studies (Bishop et al., 2007a; Bishop et al., 2006; Bishop et al., 

2007b). The models demonstrated that due to photon scattering, the signals recorded via 

optical mapping on the surface of the heart were actually an amalgamation of signals within 

a volume of tissue. The level of distortion depended on the geometry of the tissue, direction 

of wave propagation, and specifics of the experimental setup. The simulations also found 

that aberrations in optical signals such as dual humps, elevated resting potentials, and 

reduced action potential amplitudes near the reentrant core were actually due to photon 

scattering. The models also revealed that photon scattering can result in the underestimation 

of both virtual electrode polarization during an electrical shock and the number of phase 

singularities detected during VF.

Finally, computational models of the rabbit ventricles have made contributions to 

understanding electromechanical activity in the heart (Gurev et al., 2010; Trayanova et al., 
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2011; Trayanova and Rice, 2011), however these are not reviewed here, consistent with the 

focus of the article on arrhythmogenesis.

 VI. Conclusion

As this review demonstrates, computational studies utilizing the rabbit ventricles have made 

significant contributions in our current understanding of the mechanisms underlying 

ventricular arrhythmia induction, perpetuation, and termination. Rabbit ventricles served as 

the perfect animal model for the initial applications of 3D modeling due to it's ability to 

accurately represent mammalian cardiac electrophysiology while being small enough to 

remain tractable even for computationally intensive bidomain simulations. However, recent 

increases in computational power have rendered feasible an array of more complex rabbit 

models of increased structural complexity, those that include the conduction system, 

microstructures, and structural and electrophysiological remodeling resulting from diseases 

such as myocardial infarction.

In the years to come, the development of more complex rabbit ventricular models will 

further enhance the utility of such models in elucidating cardiac electrical function. Such 

developments will rely on the models being broadened and expanded by the availability of 

experimental data on rabbit-specific cellular electrophysiological characteristics such as ion 

channel dynamics, intrinsic cellular and structural heterogeneities, and remodeling due to 

disease. These complex models can be used to bridge our understanding of rabbit electrical 

function from different spatial and temporal scales. For example, discovery about new ion 

channel dynamics or signaling pathways obtained from genetic or other studies can be easily 

incorporated in current 3D models to help test hypotheses related to the molecular 

determinants of 3D electrical function and its emerging properties.

Additionally, future rabbit models can incorporate experimental findings from different 

sources and modalities to constrain the models and ensure their predictive power. Complex 

3D models that have been experimentally constrained and validated will potentially be used 

as a test bed for pharmacological studies and therapeutic improvements. The unique ability 

to block or modify specific currents or signaling pathways can lead to the use of rabbit 

models to help aid in designing and testing future anti-arrhythmic drugs. Rabbit ventricular 

modeling has also been at the forefront in the development of individualized, image-based 

modeling techniques, a methodology poised to revolutionize cardiac computational 

modeling. In summary, the works highlighted in this review underscore the importance of 

rabbit ventricular models in advancing our understanding of cardiac electrophysiology and 

in ushering the use of computational models in translational studies.

 Limitations

One trend that can be noticed from the above summary is the increase in complexity and 

inclusion of rabbit-specific properties in the single cell and geometrical models of the rabbit 

ventricles. In general, the studies that were discussed in the review did not incorporate every 

rabbit specific detail at all scales. This is due to a variety of reasons, from unavailability of 

the rabbit specific AP model during the early 3D ventricular studies, computational 

tractability and available computer processing power, and the inclusion of only the specific 
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parameters that are necessary to address the hypothesis of the particular study. In the initial 

studies using the 3D UCSD rabbit ventricles, a generic AP model based on the guinea pig 

was used to represent ionic electrophysiology. The good concordance between the simulated 

results and experimental studies demonstrated that this provided a reasonable approximation 

of the rabbit electrophysiology (Rodriguez, Li et al. 2005). Additionally, most of the studies 

did not incorporate the Purkinje system due to the added computational cost of the highly 

detailed Purkinje models.

Due to current limitations in experimental techniques, some of the mechanisms discussed in 

the previous studies require further experimental validation. In particular, the difficulty of 

recording electrical activity at a high spatio-temporal resolution throughout the 3D ventricles 

has made confirmation of the role of highly detailed structural heterogeneity on electrical 

activity difficult to confirm.
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Fig. 1. 
Multi-scale modeling of rabbit cardiac electrophysiology. (A) Family of simulated rabbit 

ventricular myocyte APs and intracellular calcium ([Ca2+]) transients, produced using the 

model by Mahajan, Shiferaw et al. (Mahajan et al., 2008). Physiologically-relevant 

variability in shape and duration was achieved by using hundreds of stochastically-generated 

parameter combinations to modify behavior of repolarizing currents (Gemmell et al., 2014). 

APD50 and APD90 ranges are shown as blue and red shaded areas, respectively. (Reprinted 

with permission from (Gemmel et al., 2014)). (B) UC San Diego rabbit heart geometry with 

tetrahedral element edges shown in inset. (C) Structurally-detailed rabbit mesh of the rabbit 

ventricles including an image-based representation of the free-running Purkinje system 

(pink). (Reprinted with permission from (Vadakkumpadan et al., 2009))
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Fig. 2. 
Premature ventricular contractions (PVCs) originating in the Purkinje system (PS). (A) 3D 

map showing locations of initial excitation that triggered PVCs in a model of the rabbit PS 

and ventricles. All cells in the model were prone to delayed afterdepolarization (DAD)-

induced excitation due to spontaneous calcium release, but such activity occurred 

exclusively in the PS due to lower source-sink mismatch. PMJ = Purkinje-myocardial 

junction. (Reprinted with permission from Ref (Campos et al., 2015)) (B) 3D map showing 

activation times in a cutaway view of the rabbit ventricles and PS during a post-pause 

propagating response caused by DAD. Asterisks show locations where DADs occurred in 

the PS, leading to propagating excitation that eventually caused a PVC. (Reprinted with 

permission from (Zamiri et al., 2014))
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Fig. 3. 
Reentry induction due to structural heterogeneity and decreased sodium channel expression. 

Activation maps showing reentry induced via pacing from an electrode (E1) located on the 

RV outflow tract. The corresponding safety factor map show that areas with critically low SF 

(<1) corresponds with site of conduction block at the RVOT insertion point. (Modified and 

reprinted with permission from (Boyle et al., 2014))
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Fig. 4. 
Role of LV/RV APD heterogeneity on VF dynamics. Transmembrane potential distributions 

during VF for model with heterogeneous APD (i.e. left, LV, and right, RV, ventricles have 

different APDs) and for model with homogenous APD. The dashed black line denotes the 

border between regions characterized by a different APD. Epicardial phase singularities are 

marked with solid black circles. (Modified and reprinted with permission from Ref (Arevalo 

et al., 2007))
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Fig. 5. 
Post-infarction arrhythmogenesis. (A) High-resolution MRI-based model of the infarcted 

rabbit ventricle with fibroblasts incorporated in the zone of infarct. (B) Coupling of 

fibroblasts to myocytes (80% in the scar and 10% in the PZ) results in arrhythmia. Red 

arrow indicates the location of the premature activation. (Modified and reprinted with 

permission from (McDowell et al., 2011))
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Fig. 6. 
Vulnerability to shock-induced arrhythmia in rabbits with healed infarction. Distribution of 

shock-end Vm show less tissue was excited in the infarction model (purple arrows). Right-

most panel shows the Vm difference between infarction and control models, computed as 

control Vm minus infarction Vm. (Reprinted with permission from (Rantner et al., 2012))
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