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Cardiac defibrillation, as accomplished nowadays by automatic, implantable devices, constitutes the most important means of combating sudden
cardiac death. Advancing our understanding towards a full appreciation of the mechanisms by which a shock interacts with the heart, particularly
under diseased conditions, is a promising approach to achieve an optimal therapy. The aim of this article is to assess the current state-of-the-artin
whole-heart defibrillation modelling, focusing on major insights that have been obtained using defibrillation models, primarily those of realistic
heart geometry and disease remodelling. The article showcases the contributions that modelling and simulation have made to our understanding
of the defibrillation process. The review thus provides an example of biophysically based computational modelling of the heart (i.e. cardiac de-
fibrillation) that has advanced the understanding of cardiac electrophysiological interaction at the organ level, and has the potential to contribute
to the betterment of the clinical practice of defibrillation.
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Introduction

Cardiac fibrillation is the breakdown of the organized cardiac elec-
trical activity driving the heart’s periodic pumping, into disorganized
self-sustained electrical activation patterns. A fibrillation episode
results in the loss of cardiac output, and unless timely intervention
is administered, death quickly ensues. The only known effective
therapy for lethal disturbances in cardiac rhythm is defibrillation,
the delivery of a strong electric shock to the heart. This technique,
as accomplished nowadays by automatic, implantable devices, consti-
tutes the most important means of combating sudden cardiac death.
However, uncovering how electric current delivered to the heart to
terminate lethal arrhythmias traverses myocardial structures and
interacts with the wavefronts of fibrillation has proven enormously
challenging. Of particular importance has been to obtain insight
into the mechanisms by which the high-voltage shock fails, since
re-initiation of fibrillation is related not only to the effect of the
shockon the electrical state of the myocardium, butalso to the intrin-
sic properties of the tissue that lead to de-stabilization of post-shock
activations and their degradation into electric turbulence. Realistic
three-dimensional (3D) simulations of the ventricular defibrillation
process in close conjunction with experimental observations have
proven to be an invaluable tool in the pursuit to understand the elec-
trical events that ensue from the interaction between fibrillating

myocardium and applied shock. The goal of this review article is to
present an overview of the contributions made by such models.
Particular emphasis is given to models of defibrillation in the diseased
heart.

Experimental approaches to investigate
high-voltage defibrillation mechanisms

The key to understanding the cardiac defibrillation process is to
uncover those mechanisms by which electric current delivered to
the heart by the shock traverses myocardial structures and interacts
with the wavefronts of fibrillation. Early studies on defibrillation
mechanisms relied on recordings of extracellular potentials following
the defibrillation shock, since overwhelming electrical artefacts had
prevented researchers from recording during and shortly after the
shock. Although these pioneering electrical mapping studies pro-
vided insights that laid the basis for understanding defibrillation
mechanisms, such as the upper limit of vulnerability (ULV), there
was no direct experimental evidence to prove the putative mechan-
isms. A major breakthrough occurred with the introduction of po-
tentiometric dyes, which allowed recording of electrical events
before, during, and after shock delivery with high resolution. The
ability of these optical mapping techniques to record optical fluores-
cencesignals proportional to the transmembrane voltage, V., proved
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to be a major advantage. Unlike extracellularly recorded electric
potentials, which integrate contributions of bioelectric activity in
the vicinity of a recording site via the volume conductor in which
the heart is immersed, recording V., provides a direct measure of
the shock-induced membrane responses. Although optical mapping
techniques allow the visualization of shock-induced changes in mem-
brane potential, these recordings are, however, confined to activity
on the cardiac surfaces only. In a complex 3D anatomical structure
such as the heart, shock-induced electrical events and post-shock ac-
tivity take place throughout the myocardial walls. Therefore, the
restricted capability of current optical mapping techniques to
detect events occurring in the depth of the wall that may not have
any signature on the surfaces’ poses a significant limitation.

Computer modelling of the
high-voltage defibrillation
process: mechanistic insights

Virtual electrode polarization and its role
in defibrillation

The absence of experimental methodology for recording shock-
induced membrane polarizations in 3D has provided a major
impetus for the development and refinement of computer models
of the cardiac defibrillation process.'™'? Since there is insufficient
direct experimental evidence to allow a direct verification of model
predictions in the depth of the myocardium, results of computer
models are being compared against optical maps recorded on the ven-
tricular surfaces. Assuming that model formulations are a valid, quan-
titatively correct representation of cardiac bioelectricity, models that
correctly predict experimental observations at the surfaces are used
to predict behaviour inside the depth of the myocardial walls.>"?
Using the bidomain model of the myocardium, which explicitly
accounts for current flow in both the intracellular and the interstitial
domains, Sepulveda et al."* demonstrated in a seminal study that
shock-induced changes in membrane potential (membrane polariza-
tion) can be much more complex than previously anticipated. Their
simulation results suggested that the tissue response in the vicinity of
a strong unipolar stimulus involved the simultaneous occurrence of
both positive (depolarizing) and negative (hyperpolarizing) effects
in close proximity, if the anisotropy ratios between intracellular
and extracellular spaces comprising the myocardium are unequal,
i.e. both spaces are anisotropic, but to a different degree. In the
absence of unequal anisotropy ratios, as it is the case with monodo-
main models which inherently assume equal anisotropies, no polari-
zations of opposite polarity can occur.” This prediction of the
existence of ‘virtual electrodes’ was followed by optical mapping
studies that convincingly confirmed these theoretical predictions.16
Since, ‘virtual electrode polarization’ (VEP) has been documented

9.17-19 and

in experiments involving various stimulus configurations,
has become a mainstay in defibrillation research. Virtual electrode
polarization in the myocardium now refers universally to the
regions of membrane depolarization and hyperpolarization induced
by an electric shock.”®*" Shock-induced membrane depolarization
and hyperpolarization and their spatial pattern in the ventricles rep-

resenta new state of the myocardium that is established at the end of

the shock; the electrical activity that follows is strongly dependent on
this new state. >

Conceptually, defibrillation can be considered to be a two-step
process. First, the applied shock drives currents that traverse the
myocardium and cause complex polarization changes in V,,, distribu-
tion,** i.e. VEP. Secondly, post-shock active membrane reactions are
invoked that eventually result either in termination of fibrillation in
the case of shock success, or in re-initiation of fibrillatory activity in
the case of shock failure. Using computer models to analyse the
aetiology of VEP patterns established by the shock (i.e. the first
step of the defibrillation process) revealed that the shape, location,
polarity, and intensity of shock-induced VEPs are determined by
both the cardiac tissue structure as well as the configuration of the
applied field.>"8242¢ Based on theoretical considerations, VEPs
can be classified either as ‘surface VEP’, which penetrates the ven-
tricular wall overafew cell layers, oras ‘bulk VEP’ where polarizations
arise throughout the ventricular wall 228 Analysis of the bidomain
equations revealed that a necessary condition for the existence of
the bulk VEP is the presence of unequal anisotropy ratios in the myo-
cardium. Sufficient conditions include either spatial non-uniformity in
the applied electric field,"® or non-uniformity in tissue architecture,
such as fibre curvature,?” fibre rotation,”® fibre branching and anasto-
mosis, and local changes in tissue conductivity due to resistive hetero-
geneities.’® 32 Figure 1 presents VEPs developed at the end of the
defibrillation shock in a realistic model of the rabbit heart under
various conditions (shock strengths, durations, waveforms, polarities,
and timings of shock delivery).

In the second phase of the defibrillation process, the local cellular
response to the shock throughout the myocardium depends on
local VEP magnitude and polarity as well as on the local pre-shock
state of the tissue. Local action potential duration can be either
extended (by positive VEP) or shortened (by negative VEP) to a
degree that depends on local VEP magnitude and shock timing, with
strong negative VEP completely abolishing (de-exciting) the local
action potential, thus creating post-shock excitable gaps. As demon-
3 the post-shock VEP
pattern is also the major determinant of the origin of post-shock acti-

strated in bidomain modelling studies,

vations that develop in the second part of the defibrillation process. In
those regions where shock-induced virtual anodes (regions of mem-
brane potential below rest) and cathodes (regions of membrane de-
polarization) are in close proximity, a ‘break’ excitation following the
end of the shock (i.e. at the ‘break’ of the shock) can be elicited. The
depolarized cells in the virtual cathode serve to provide an electrical
stimulus (excitatory current) eliciting a regenerative depolarization
and a propagating wave in the newly created excitable area (virtual
anodes) located in immediate proximity. Whether or not break exci-
tations arise depends on whether the V,,, gradient across the border
between a virtual anode and a neighbouring virtual cathode spans
the threshold for regenerative depolarization.’® The finding of break
excitations, combined with the fact that positive VEP can also result
in ‘make’ excitations®® (straightforward depolarization by the shock
of the excitable gaps present at the time of shock delivery, i.e. at
‘make’ of the shock, in the fibrillating myocardium) in regions where
tissue is at or near diastole, resulted in a novel understanding of how
a strong stimulus can trigger the development of new activations.
According to VEP theory and the simulation and experimental re-
search supporting it, mechanisms for shock success or failure are
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Figure | Transmembrane potential distribution at shock-end
for various shock electrode configurations, waveforms, strengths,
and polarities as indicated within each panel. The colour scale is
saturated, i.e. V,,, above 20 mV and below —90 mV appears as 20
and —90 mV, respectively. (A) External shocks are monophasic,
4 ms long, and of strengths shown in the figure; they are applied
ata coupling interval of 105 ms. For each case, the anterior epicar-
dium and endocardium, and a transmural view of the ventricles are
shown. Images are based on figures published in Rodriguez and
Trayanova.®> (B) External truncated-exponential monophasic
shocks of reversed polarity and strength 5 V/cm. Anterior epicar-
dium and transmural views of the ventricles are shown. Images are
based on figures published in Rodriguez et al® (C) External
truncated-exponential (62% tilt) monophasic and biphasic shocks
are of 10 ms duration, coupling interval 220 ms, and of strengths
shown in the figure. Anterior epicardium and transmural views of
the ventricles are shown. Biphasic shock polarity reverses at
6 ms. In addition, the V,, distribution 10 ms after shock-end is
shown in a transmural view. Images are based on figure published
in Trayanova et al.”® (D) Implantable cardioverter-defibrillator-
like electrode configuration delivers truncated-exponential (62%
tilt) biphasic shocks of 10 ms duration at coupling interval
140 ms, and of strengths shown in the figure. Images are based
on figure published in Trayanova et al."®

multifactorial, depending mainly on the post-shock distribution of V,,,
as well as timing and speed of propagation of the shock-induced
wavefronts. Whether depolarization of the post-shock excitable
gap is achieved in time to block its invasion by incoming wavefronts
critically depends on (i) the number and conduction velocity of the
post-shock ‘break’ activations that propagate through it to render it
refractory, and (ii) on the time interval over which this depolarization

of the excitable gap needs to be achieved, which depends on how fast
the surrounding refractory regions recover excitability. All factors
depend, ultimately, on shock strength. Increasing shock strength
results in higher voltage gradients across borders between regions
of opposite polarity, leading to more break excitations® which
then traverse the post-shock excitable gap earlier’” and atafaster vel-
ocity,® as well as extend the refractoriness of the tissue surrounding
the excitable gap to a larger degree,38 ultimately resulting in termin-
ation of all post-shock wavefronts. Finally, modelling studies”*® have
also demonstrated that the complexity of pre-shock activity is an im-
portantfactorin the outcome of the defibrillation shock. To ascertain
the predictive capabilities of the modelling studies described above,
simulation results of defibrillation have been compared with
optimal mapping results; to do so, the process of optical mapping
was successfully modelled."*’

Itisimportant to note that the mechanisms of cardiac defibrillation
have been strongly linked to cardiac vulnerability to electric shocks,
i.e. the induction of arrhythmia by electric shocks. An electric
shock can induce ventricular arrhythmias if it is given during the vul-
nerable period within the normal cardiac cycle. Shocks that result in
induction of arrhythmia are bound by a maximum strength, termed
the ULV.*? Studies have found a strong correlation between ULV
and the minimum shock strength that results in successful defibrilla-
tion, i.e. the defibrillation threshold (DFT).** Therefore, understand-
ing cardiac vulnerability to electric shocks has traditionally been a
route to understanding defibrillation and arrhythmogenesis by
failed shocks, a route that will also be emphasized in this review,
since many studies have focused on exploring vulnerability to electric
shocks as a surrogate to understanding the failure of defibrillation.

The role of shock waveform

The issue of shock waveform has been an important development in
the clinical procedure of defibrillation. Reversal of shock polarity
during defibrillation, such as in biphasic shock waveforms, has been
found to improve defibrillation efficacy, and is the current standard
in clinical defibrillation. The mechanisms underlying the superiority
of biphasic shock waveforms in achieving defibrillation success has
been the subject of a large body of research. Simulation studies and
the advancement of the VEP theory for defibrillation have offered
new insights into the improved efficacy of biphasic waveforms, but
also into the specific mechanisms by which biphasic shocks fail
under certain circumstances. Anderson et al.** demonstrated that
transmembrane potential gradients formed after an optimal biphasic
shock could give rise to post-shock excitations away from the elec-
trodes. Another mechanism for defibrillation success and failure of
biphasic defibrillation uncovered by simulation studies is the forma-
tion of VEP-induced graded responses (below threshold depolariza-

tions) following biphasic shocks:***

the development of a
propagated activity following a graded response was found to

result in a failure of a biphasic defibrillation shock and vice versa.

The isoelectric window

In the shock failure episodes with shock strengths significantly below
the ULV or the DFT, arrhythmia is induced mostly right after the
shock, initiated typically by a break excitation wave that reenters in
the heart. However, numerous studies mapping the epicardium,
mostly electrical*’ ~>* but also some optical,> >’ have demonstrated
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that following failed defibrillation shocks or shocks applied during the
vulnerable period, the strength of which was close (but still below)
the DFT or ULV, reentrant patterns were not always immediately
observed (on the epicardium). Although some local epicardial activa-
tions were detected in these cases, these activations did not become
global and quickly died,*®~¢" followed by an electrically quiescent
period on the epicardium termed the ‘isoelectric window’. The
mechanisms underlying the origin of the first global post-shock activa-
tions following the isoelectric window have also been the topic of much
discussion and debate. Understanding the mechanisms responsible for
the formation of an isoelectric window on the ventricular surface and
the origins of the post-shock activations following it is of great import-
ance for uncovering the mechanisms of defibrillation failure.

A recent 3D simulation study proposed a new mechanism for the
existence of the isoelectric window.' Figure 2, top, presents an
episode of earliest post-shock activation following an isoelectric
window in a 16 V/cm monophasic shock. Formation of VEP, quick
re-excitation, and synchronous repolarization take place sequential-
ly. However, a wavefront which originated at a location deep within
the wall remained submerged (transparent panel, wavefront indi-
cated by *) until it made a breakthrough onto the epicardium and
then propagated, resulting in intramural reentry. In this example,
the isoelectric window was nearly 80 ms. Figure 2, bottom, presents
an example of a post-shock activation following an isoelectric

o Isoelectric window

o Isoelectric window

W99¢

window induced by a 12 V/cm biphasic shock. Here again, the wave-
front originating 20 ms after shock-end (* in transparent view), which
remained submerged for another 35 ms, made a breakthrough onto
the epicardium, resulting in an intramural scroll wave. In this case the
isoelectric window was ~55 ms.

The existence of the isoelectric window on the epicardium is
explained by the presence of intramural excitable areas and propaga-
tion of the post-shock activations through these areas deep in the
ventricular wall and away from the surfaces (‘tunnel propagation’).
These intramural wavefronts cannot make a breakthrough on the
ventricular surface because of the long-lasting post-shock depolariza-
tion of the surfaces. Only when the surfaces recover from this de-
polarization, the intramural wavefronts propagating in the mid-wall
tunnel are able to make a breakthrough on the wall surface,
marking the end of the isoelectric window. Such intramural post-
shock propagation is consistent with transmural plunge electrode
recordings, demonstrating that the site of origin of the post-shock ac-
tivation was within the myocardium rather than on the surface.*’**

In an article by Constantino et al.” the new theory of tunnel propa-
gation for near-ULV/DFT shocks was extended to explain the mechan-
isms responsible for the existence of isoelectric window following
implantable cardioverter-defibrillator (ICD) shocks delivered to the
fibrillating heart. The simulation results demonstrated that the non-
uniform field created by ICD electrodes, combined with the fibre

.907
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Figure 2 Monophasic (top) and biphasic (bottom) shock episodes resulting in isoelectric window and arrhythmia initiation. Progression of activity
from VEP through initiation of intramural activation (transparent view with activation marked by *) to epicardial breakthrough followed by focal
activation pattern and ultimately a reentry. Shocks are external of duration 10 ms (6/4 ms for the biphasic shock) and of strengths 16 (monophasic)
and 12 (biphasic) V/cm and are delivered at 220 ms coupling interval. Images based on figures published in Ashihara et al."
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Pre-shock

Shock-end

Figure 3 Tunnel propagation of activations following defibrilla-
tion shocks in the rabbit heart. Arrows indicate direction of propa-
gation. Presented is the submerging of a pre-shock fibrillatory
wavefront by a strong biphasic shock delivered from an ICD. The
figure shows the model, the fibrillatory pre-shock state (with scroll-
wave filaments, the organizing centres of reentry, shown in pink),
and post-shock V,,, maps for two shock strengths at different post-
shock timings. In contrast to the 25 V shock, the near-DFT 175 V
shock converted the LV excitable area into an intramural excitable
tunnel (see triangular arrows in shock-end panel) with no apparent
propagation on the epicardium; the wavefront propagated in it until
epicardial breakthrough following the isoelectric window. Images
based on figures published in Constantino et al.®

orientation and complex geometry of the ventricles, resulted ina post-
shock excitable region located always in the left ventricular (LV) free
wall, regardless of pre-shock state. For near-ULV/DFT shocks, this ex-
citable region was converted into an intramural tunnel (Figure 3),
through which either pre-existing fibrillatory or shock-induced wave-
fronts propagated during the isoelectric window, emerging as break-
throughs on the LV epicardium. Interestingly, failed defibrillation for
near-DFT shocks was found to not always be associated with termin-
ation of existing wavefronts and generation of new wavefronts by the
shock, as previously believed; instead, the wavefronts remained ‘alive’
in the intramural post-shock tunnel. Pre-shock activity within the LV
played asignificant role in shock outcome: a large number of pre-shock
fibrillatory wavefronts resulted in an isoelectric window associated
with tunnel propagation of pre-existing rather than shock-induced
wavefronts. Furthermore, shocks were more likely to succeed if the
LV excitable area was smaller.

Aschematic'® of the mechanisms of defibrillation failure for shocks
well below the DFT and near it is presented in Figure 4.

Computational modelling of
defibrillation in the ischaemic
and infarcted heart

The quest to unravel how shocks succeed in terminating fibrillation
or re-initiate arrhythmia, as described above, commenced with

studies in the normal heart. However, the majority of patients who
receive defibrillation shocks have an underlying cardiac disease. In
the section below, we present simulation research on defibrillation
mechanisms in the ischaemic and infarcted heart.

The ischaemic heart

Two studies by Rodriguez et al.**** characterized the changes in vul-
nerability to electric shocks during phase 1A of global ischaemia and
determined the mechanisms responsible for these changes. These
studies focused on global ischaemia as an important step in under-
standing the mechanisms that underlie vulnerability to electric
shocks following an ischaemic event associated with coronary
heart disease. The studies used a 3D bidomain model, first of a
slice of the canine heart, and then of the ischaemic rabbit ventricles.
Globalischaemia was implemented by representing changes in mem-
brane dynamics over the course of the first 10 min following coron-
ary occlusion. Progression of ischaemia phase 1A was represented by
linear changes in remodelled ionic currents. To study vulnerability to
shocks, three representative ischaemic levels of increasing severity
within this 10 min interval were chosen.

To examine vulnerability to arrhythmia, monophasic shocks were
applied to the models at various coupling intervals to construct vul-
nerability grids in normoxia and at various stages of ischaemia phase
1A. The simulations demonstrated that 2—3 min after the onset of is-
chaemia, the ULV remained at its normoxic value, although arrhyth-
mias are induced at shorter coupling intervals. As ischaemia
progressed, the ULV decreased, and the vulnerable window shifted
towards longer coupling intervals. Altogether, the ventricles
become less vulnerable to electric shocks as global ischaemia
phase 1A progressed. Dissecting out the mechanisms responsible
for this behaviour revealed that the changes in the ULV resulted
from an increase in the spatial extent of the excitation wavefronts
arising at shock-end, and the slower recovery from shock-induced
positive polarization. The shifts in the vulnerable window were
found to stem from decreases in local repolarization times and the
occurrence of post-shock conduction failure caused by prolonged
post-repolarization refractoriness.

The infarcted heart

Defibrillation efficacy is decreased in infarcted hearts, but the
mechanisms by which infarcted hearts are more vulnerable to elec-
tric shocks than healthy hearts remain poorly understood. The
study by Rantner et al® provided insight into the 3D mechanisms
for the increased vulnerability to electric shocks in infarcted hearts.
This study developed a microanatomically detailed rabbit ventricular
model with chronic myocardial infarction from magnetic resonance
imaging (MRI) and diffusion tensor MRI scans (Figures 5A and B); the
model was further enriched with data from optical mapping experi-
ments. The infarct incorporated an infarct scar (inexcitable) and a
partially viable peri-infarct zone (PZ); the latter has been shown to
dramatically increase the propensity to arrhythmia.®*

The simulation protocol involved apical pacing followed by bi-
phasic shocks. Simulation results were compared with those using
the same rabbit ventricular model but without the infarct. The ULV
was significantly increased in infarction — 8 V/cm in the infarction
model vs. 4 V/cm in the control model. Analysis of the simulation
results revealed that VEPs were less pronounced in the infarction
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(A) Shocks below DFT

VF

Electric shock

Post activation (PA)

VF

(B) Shocks near DFT

VF

Electric shock

Earliest-propagated PA (Surface)

Figure4 Mechanismsforshockfailure, for shocks far below (A) and near (B) the DFT. In (A), arrhythmia is induced right after the shock, initiated by
a post-shock activation (typically a break excitation wave) that reenters in the heart. In (B), the presence of only intramural excitable areas results in
propagation of post-shock activations initiated in these areas deep in the ventricular wall (‘tunnel propagation’). These intramural wavefronts cannot
make a breakthrough on the ventricular surface because of the post-shock depolarization of the surfaces. Only when the surfaces recover from this
depolarization, the intramural wavefronts propagating in the mid-wall tunnel are able to make a breakthrough on the wall surfaces, marking the end of
the isoelectric window, and becoming the earliest propagated post-shock activations propagating globally (and thus on the ventricular surfaces).

Image based on figure published in Trayanova et al."®

model. Figure 5C shows the depolarizing (virtual cathodes; red areas)
and hyperpolarizing (virtual anodes; blue areas) membrane effects of
the electric shock. The small panel on the far right shows the differ-
ences in VEP between infarction and control (as control minus infarc-
tion). It is evident from the figure that VEPs were less positive in
infarction than in control in the PZ and on the LV endocardium; on
average, there was stronger shock-induced depolarization in the
healthy tissue than in the PZ. Mechanistically, the altered distribution
of VEP in the infarction model provided a larger excitable area for
post-shock propagation but smaller V,,, gradients to initiate new
wavefronts. Initial post-shock transmural activation therefore oc-
curred at a later time in the infarction model, and the remodelled
jonic properties in the PZ served to delay propagation in subsequent
beats, increasing vulnerability to electric shocks in the infarcted heart.

Simulations of novel defibrillation
modalities: high-frequency and
low-voltage defibrillation

Inthe last couple of years, defibrillation modelling has focused on the
development of new methodologies for low-voltage termination of
lethal arrhythmias or for applying defibrillation in novel, less damaging
ways. A recent novel approach to defibrillation was presented by
Tandri et al,®® based on the premise that sustained kilohertz-range

alternating current (AC) fields have been known to instantaneously
and reversibly block electrical conduction in nerve tissue. 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, and that this methodology could potentially
be a safer means for terminating life-threatening reentrant arrhyth-
mias. Understanding the mechanisms of this new mode of defibrilla-
tion relied also on biophysically detailed modelling of heart
electrophysiology.°® The data revealed a previously unrecognized
capacity for myocardial cells to be placed in an extended but imme-
diately reversible state of refractoriness by an applied electric field.
The imposed refractory state blocked all wave propagation and
resulted in termination of reentrant arrhythmias, without impair-
ment of subsequent cellular electrical function or initiation of post-
shock fibrillatory activity. Since the same AC fields block neural
and cardiac activity equally well, the proposed defibrillation method-
ology could possibly be utilized to achieve high voltage, yet painless
defibrillation.

Recent experimental studies have shown that applied electric fields
delivering multiple far-field stimuli at a given cycle length can terminate
ventricular tachycardia (VT), atrial flutter, and atrial fibrillation with less
total energy than a single strong shock.?”~7° However, the mechan-
isms and full range of applications of this new mode of defibrillation
have remained poorly explored. The recent simulation study by
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Perfusing bath
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Pacing electrode Peri-infarct zone

Infarction vs.
control

200 ms CI, 6 Vicm;
Shock-End

Figure 5 MRI-based model of healed infarction in the rabbit. (A) Ex-vivo MRl scan of the rabbit heart with healed myocardial infarction and anterior
view of the fibre orientations in the ventricles. (B) Left panel, anterior view of the ventricles submerged in a perfusing bath and placed between plate
electrodes (blue, grounding electrode; red, shock electrode). The infarct scar is shown in blue, the peri-infarct (border) zone is shown in green. The
pink square at the apex shows the location of the pacing electrode. The bottom inset shows the highly detailed structure of the scarand the PZ. The
top inset shows the details of the computational mesh. (C) Distribution of shock-end V.. Less tissue was excited in the infarction model (purple
arrows). Right-most panel shows the V., difference between infarction and control models, computed as control V., minus infarction V.. Images

based on figures published in Rantner et al.®

Antero-posterior view Left lateral view Infero-superior view

Figure 6 Implantable cardioverter-defibrillator configurations tested in the paediatric patient with tricuspid valve atresia. Figure modified with

permission from Rantner et al.”

Rantneretal.”" aimedto elucidate these mechanisms and to develop an two-stage low-voltage defibrillation protocol was proposed that did
optimal low-voltage defibrillation protocol. Based on the simulation not involve the delivery of the stimuli at a constant cycle length.
results using a complex high-resolution MRI-based model, a novel Instead, the first stage converted VF into VT by applying low-voltage
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stimuli at times of maximal excitable gap, capturing a large tissue
volume and synchronizing depolarization. The second stage then ter-
minated VT 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.

Towards clinical translation of
defibrillation simulations

Finally, a recent study72 has made the first attempt towards clinical
translation of computer models of defibrillation. The study made
the first step towards addressing a clinical need: ICDs with transve-
nous leads often cannot be implanted in a standard manner in
paediatric and congenital heart defect (CHD) patients; currently,
there is no reliable approach to predict the optimal ICD placement
in these patients. The study provided the proof-of-concept that
patient-specific biophysically detailed computer simulations of
the dynamic process of defibrillation could be used to predict
the optimal location of the ICD leads in these patients. A pipeline
for constructing personalized, electrophysiological heart—torso
models from clinical MRI scans was developed and applied to a
paediatric CHD patient, and the optimal ICD placement was deter-
mined using patient-specific simulations of defibrillation. Figure 6
shows some of the different configurations tested. In a patient with
tricuspid valve atresia, two configurations with epicardial leads
were found to have the lowest DFT. The study demonstrated that
using such methodology, the optimal ICD placement in paediatric/
CHD patients could be predicted computationally, which could
reduce defibrillation energy if the pipeline is used as part of ICD im-
plantation planning.

Concluding remarks

The information and examples presented in this review regarding the
insights provided by the 3D models of shock-induced arrhythmogen-
esis and defibrillation underscore the achievements and power of
realistic modelling and simulation in uncovering and understanding
cardiac electrophysiology phenomena. Simulations of defibrillation
are particularly usefulin revealing shock-induced electrical behaviour
hidden within the cardiac wall; insights into vulnerability and defibril-
lation, such as these presented here, cannot be achieved with experi-
mental methodology alone. Supported by experimental observations
of behaviour duringand after the shock over the cardiac surfaces, real-
istic whole-organ simulations have become invaluable in understand-
ing the interaction of the applied electric field with the wavefronts of
fibrillation; important insights have been generated by models repre-
senting the diseased heart. Defibrillation models are now being uti-
lized to explore novel modalities for defibrillation, such as high
frequency or low voltage. Importantly, initial steps have been made
in the use of computer simulations to guide the implantation of
ICDs in paediatric and congenital heart disease patients. In addition
to defibrillation, biophysically detailed realistic-geometry heart
models are currently beingemployed and are expected to successfully
contribute to the study of many other aspects of the mechanisms of

arrhythmogenesis as well as to serve as a testbed for other potential
anti-arrhythmia therapies.
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