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This simulation study presents an inquiry into the mechanisms by which a strong
electric shock halts life-threatening cardiac arrhythmias. It examines the “exten-
sion of refractoriness” hypothesis for defibrillation which postulates that the shock
induces an extension of the refractory period of cardiac cells thus blocking propa-
gating waves of arrhythmia and fibrillation. The present study uses a model of the
defibrillation process that represents a sheet of myocardium as a bidomain with
unequal anisotropy ratios. The tissue consists of curved fibers in which spiral wave
reentry is initiated. The defibrillation shock is delivered via two line electrodes
that occupy opposite tissue boundaries. Simulation results demonstrate that a
large-scale region of depolarization is induced throughout most of the tissue. This
depolarization extends the refractoriness of the cells in the region. In addition,
new wavefronts are generated from the regions of induced hyperpolarization that
further restrict the spiral wave pathway and cause its termination.

1 Introduction

Current understanding of the mechanism for cardiac defibrillation considers
prevention of wavefront propagation by the shock to be central for defibril-
lation. A large body of research has confirmed that the shock extends the
refractoriness of tissue traversed by fibrillatory pathways 1'2>%% and thus, the
wavefronts die out since they have nowhere to go. Currently, extension of
refractoriness by the shock is attributed to the production of the so-called
graded response>>%7 which constitutes an extension of action potential dura-
tion (APD) of each cell in the myocardium, and is initiated by a large shock-
induced membrane depolarization. Clearly, this concept implies that every cell
affected by the shock undergoes some level of membrane depolarization.
However, recent measurements %% and computer simulations ''»!2 re-
vealed that the spatial distribution of transmembrane potential induced by the
defibrillation shock is more complex than previously expected. These studies
have demonstrated that the membrane is hyper- or depolarized throughout
regions that comprise many cardiac cells (these regions are termed “virtual
electrodes”). This evidence seems to conflict with the understanding of the
contribution of the extension of refractoriness in the defibrillation process.
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The goal of this simulation research is to examine the contribution of the
extension of cellular refractoriness to defibrillation in a tissue model that per-
mits the formation of virtual electrodes during the shock. To better understand
the results of our tissue-level simulation results, we initially examine the effect
of shock-induced depolarization and hyperpolarization on the refractoriness of
a single isolated cell. Then, we proceed to examine refractoriness following
the shock in the two-dimensional tissue model that consists of interconnected
cells forming curved fibers. The tissue is represented as a bidomain of unequal
anisotropy ratios, thus permitting extracellular intervention with a defibrilla-
tion shock. We simulate arrhythmia by inducing a spiral wave reentry and
extinguish it by a defibrillation shock delivered via two parallel extracellular
electrodes. We demonstrate that the success of the shock depends on the
extension of refractoriness at the virtual cathode as well as on the ability of
the shock to generate new wavefronts at the border between depolarized and
hyperpolarized regions in the myocardium.

2 Methods

To describe the membrane kinetics of cardiac tissue, we employ the modified
version of the Beeler-Reuter model '3, namely the BRDR membrane kinetics
equations 4. However, these equations need to be further modified before we
can experiment with high-strength shocks. The rationale for this is that ionic
models of active tissue are originally derived from voltage-clamp experiments,
which provide data mostly for the voltage range of a normal action potential.
When the transmembrane potential, V,,,, exceeds the limits of this range due
to a strong depolarization or hyperpolarization, namely V,, > 100 mV and
Vin < —85 mV for the BRDR model, the equations become unstable and
lead to non-physiological results. Thus, to conduct simulation research in
defibrillation, we modified the BRDR model equations ensuring their stability
for high-energy shocks. The modification used here is described in a previous
publication of ours'®. Further, to account for the fact that APD in a fibrillating
ventricle is considerably shorter than a normal action potential, we decrease
the APD of a single cell to approximately 100 msec!®. It is this final version of
the action potential kinetics that is used to examine the effect of depolarizing
and hyperpolarizing shocks on both single cells and myocardial sheets.

To study the collective behavior of cells in intact cardiac tissue during and
after the defibrillation shock, we use the bidomain model of cardiac tissue (for
a review of the bidomain model refer to1%). The following coupled differential
equations are employed:
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where d; (mS/em) and o, are conductivity tensors in the intra- and extracel-
lular domains, respectively, i,, (uA/cm?) is the volume density of the trans-
membrane current, 3 (cm™!) is the surface-to-volume ratio of the tissue, Cp,
(uF/em?) is the specific membrane capacitance, Isim (uA/em?) represents
the transmembrane stimulation current density, and G(mS/ecm?) is the vari-
able membrane conductance that incorporates membrane electroporation %17,

In the tissue model, the homogeneous Neumann boundary conditions are
used representing the fact that the preparation is surrounded by an insulator,

im = B(Cn + Lion(Vin) = Istim (t) + G(Vip, ) Vi), in Q, (3)

- (6;V®;) =0, 7t-(5.V®.,) =0, on 09, (4)

where (2 is the square tissue domain of dimensions 2 by 2 cm.

To account for change in fiber orientation in the myocardium, we assume
that cells in the sheet form curved pathways. We choose parabolic fibers since
they are characterized with non-uniform fiber curvature along a fiber pathway.
In a model tissue preparation with changing fiber orientation, although the in-
trinsic longitudinal and transverse conductivities of a fiber (and its associated
extracellular space) remain constant as the fiber bends, the global conduc-
tivities (with respect to a fixed coordinate system) in the tissue change from
point to point. It is the latter conductivities that participate in the equations
above. In a two-dimensional preparation, the relationship between the global
tissue conductivities and the ones intrinsic to a fiber is given by the following

expressions:
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where R is a matrix reflecting the local change in fiber orientation, and R!
is its inverse. o}, of, of and of denote the intrinsic longitudinal (subscript [)
and transverse (subscript ¢) bidomain conductivities of a fiber. The values of
the latter used here are the same as in a paper by Roth '8.

To simulate arrhythmic behavior in the sheet, we initiate a single reentrant
circuit utilizing an S1—S2 stimulation protocol described previously in'®. The
resulting reentrant wave is stable with the period of rotation 71 msec. The
defibrillation shock is administered through line electrodes that occupy the






























