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Abstract

We developed a three dimensional cardiac tissue model based on human cardiac cell and mono-domain approximation for

action potential propagation. The human myocyte model proposed by ten Tusscher et a/. (TNNP model) (2004) for cell

electrophysiology and a mono-domain method for electric wave propagation are used to simulate the cardiac tissue

propagation mechanism using a finite element method. To delineate non-homogeneity across cardiac tissue layer, we used

three types of cardiac cell models. Ansiotropic effect of action potential propagation is also considered in this study. In this

3D anisotropic cardiac tissue with three cell layers, we generated a reentrant wave using S1-S2 protocol. Computational

results showed that the reentrant wave was affected by the anisotropic properties of the cells. To test the reentrant wave

under pathological state, we simulated a hypertopic model with non-excitable fibroblasts in stochastic manner. Compared

with normal tissue, the hypertropic tissue result showed another center of reentrant wave, indicating that the wave pattern

can be more easily changed from regular with a concentric focus to irregular multi-focused reentrant waves in case of

patients with hypertrophy.
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Introduction

Arrhythmia is one of the major causes of human cardiac
death. It is well known that a reentrant wave in cardiac
tissue can be a source of tachycardia and Torsade de
Pointes. Stationary or drifting reentry wave patterns in
cardiac tissue are closely related to tissue physiological
properties. Especially the wave patterns in diseased
tissue are crifical for the generation of arrhythmic chaos
resulting in the sudden cardiac death of heart failure
patients. Progressive development of heart failure is

accompanied by hypertrophy, a ventricular wall

thickening. According to the progress of hypertrophy, a
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large portion of cardiac tissue is occupied by electrically

non-excitable fibroblasts. Therefore, elaborated study on
the reentrant wave dynamics in the condition of cardiac
hypertrophy is needed to elucidate the mechanism of
sudden cardiac death due to arrhythmias.

Along with experimental works, a lot of computational
works have been done to delineate the mechanism of
reentrant wave with its underlying cellular phenomena
(Xie et al. 2004, Rudy 2000, Gima and Rudy 2002).
Fenton et al. (2002) has provided multiple mechanisms
of reentrant wave break-up. In real ventricular geometry,
Berefeld and Jalife (1998) investigated the interaction of
ventricular tissue with Purkinje fibers in reentrant wave
dynamics. As a diseased cardiac tissue model, Usyk and
McCulloch (2003) presented the electromechanical
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model of cardiac resynchronization in the dilated heart.
Though there have been a lot of computational studies
have been made for delineation of reentrant wave
dynamics in cardiac tissue, the effect of fibroblasts in
hypertrophy has not been well described. Non-excitable
fibroblasts increased as progress of hypertrophy. As
demonstrated in the experiment by Gaudesius et al.
(2003), the non-excitable media such as fibroblasts can
induce a significant delay of electric wave propagation
eventually resulting in arrhythmias. Therefore, we
investigate the effect of non-excitable fibroblasts on the
reentrant wave dynamics in hypertropic tissue to
delineate the mechanism of sudden cardiac death due to
arrhythmias in heart disease patients.

Though the cardiac cell models based animal
cardiomyocyte have been presented by several research
groups (Luo and Rudy 1993, Noble et al. 1998,
Matsuoka et al. 2004), the model for human ventricular
cell model was not popular. Priebe and Beuckelmann
(PB model) (1998) has proposed a human ventricular
cell model and simulated pathological state of the
cellular phenomena using the model. Recently, Ten
Tusscher et al. (TNNP model, 2004) proposed an
improved human myocyte cell model incorporating the
recent experimental data on the major ionic currents: the
fast Na', L-type Ca®™, transient outward, rapid, and
slow-delayed rectifier K' currents. In this study, we
presented computational results of reentrant wave
dynamics in a hypertropic tissue using a three
dimensional model of human cardiac tissue. The mono-
domain modeling implemented by a finite element
method is used to simulate the cardiac tissue
propagation. Three kinds of cardiac cell models are used
to model inhomogeneous cell types across ventricular
wall layer. Ansiotropic effect of action potential
propagation according to cardiac fiber orientation is also
implemented using a directional diffusivity tensor. To
simulate the hypertropic effect on reentrant wave
dynamics, we randomly distributed no-excitable cells in

the computational domains.

Material and Method

Governing equation for electric wave
propagation of cardiac tissue

The TNNP model of a human ventricular cell is used.

This includes recent experimental data on most of the
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major ionic currents: the fast Na”, L-type Ca®, transient
outward, rapid, and slow-delayed rectifier K™ currents
(Appendix A). We used the model without any change
from the original formulation. This is inserted into the
tissue model using a mono-domain approximation (or
simplified bidomain method) of cardiac tissue. In the
bidomain method, cardiac tissue is divided into two
interpenetrating  domains, intracellular (IC) and
extracellular (EC), separated by an excitable membrane.
Considering that ion current flux coming out from IC

should enter all to EC part, we can derive the following

- conservation equation as follows:
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In Eq. (1), Vy, is a transmembrane voltage defined as Vi,
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potentials, respectively. D; and D, represent the electric
conductivity tensors in IC and EC. I, is a stimulus

current and I, denotes the sum of the ion currents
through cell membrane. [} and C,, are the surface to
volume ratio and cell capacitance per unit surface area,
respectively. In the mono-domain method, d)e is

assumed to be constant and the resulting equation is

obtained.
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Figure 1. Schematic of the human ventricular cell model

proposed by Ten Tusscher et al.
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Figure 2. Action potential transients for three cell types in
TNNP model.

Finite element formulation of the
monodomain equation

In Eq. (2), the time derivative is discretized using an
Euler method whereas a Galerkin method is applied to

the partial derivative for the diffusion term as follows:
\/n+l 47\/n i .
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Here, W means a weighting function and superscript ‘n’
represents a time index during time marching. Then we
approximate the variable V,, within the computational
domain by the interpolation function that is equal to the
weight function W in Galerkin method at each nodal

point of computational mesh as follows:

o - Z W (V) (i: grid node point index) (4)

When we insert Eq (4) into (3) and summarize the
equation, we can get the resulting algebraic equation

represented by matrix problem using tensor notation.

M; (V)" =My (Vo) +87 =K (V) )

My = J.Q( WA\tNJ }dQ (6)

K; = L(DVW VW, }dO (7)
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Here, Mj;, Kj, and S; represent mass, diffusion and
reaction matrices, respectively. If we simplify M; as
lumped mass M to avoid matrix inversion in Eq. (5),

we can get the following equation.
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Eq. (9) is solved using the operator splitting scheme
proposed by Qu and Garfinkel (1999). During the
computation of the reaction matrix S;, it is needed to
compute the cell electrophysiological properties at every
node point of the computational mesh. In the operator
splitting scheme, the time variations of cell properties
such as membrane voltage, ion concentrations,
membrane channel activity are computed at the
computational nodes (reaction step) and these cell-level
membrane potential are diffused into the ventricular
tissue (diffusion step). More details on the operator
splitting scheme and mono-domain method are

represented in the references (Qu and Garfinkel 1999).

Pseudo ECG signal computation

Pseudo ECG is calculated for the present 3D tissue
model by summing up all the trans-membrane
intercellular dipoles (P) weighted by the distance (r)
from the electrode and its direction (Berenfeld and Jalife,
1998).
Loor
ECG(H)=-) &3* (10)
nodes

The dipole was proportional to the trans-membrane
potential gradient, and we assumed the electrode was at
the location away from epicardial surface from 3 c¢cm
(Gima and Luo, 2002).
Results

Cellular model

First we presented the cellular results using the TNNP
model. The schematic of the TNNP model is depicted in
Fig. 1, representing ion channels, ion pump across cell
membrane and intracellular calcium dynamics. The
shape of the action potential and the Ca®* transient from
the TNNP model were well reconstructed for the 1.0 sec
cardiac cycle (Fig. 2). The action potential shows the
characteristic spike notch dome shape found for human
cardiac cells with a resting potential of —87.3 mV. The
maximum plateau potential is +21.7 mV, and the
durations of the action potential at 90% repolarization
are approximately 265, 325, and 280 msec for epicardial,

midcardial, and endocardial cells, respectively.
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Tissue 3D baseline model

The schematic of the 3D is shown in Fig. 3. Width is 12
cm x 12 cm and depth in z-axis is 1.5 cm. The number
of the total mesh in x, y, z direction is 90, 90, and 20,
respectively. We used a S1-S2 protocol described in
Fenton et al. (2002) to induce a spiral wave in tissue
plane. Initially the cells located in the boundary surface
of x=9 cm are stimulated and the depolarization wave
travels along the decreasing x direction (S1 protocol).
When repolarization wave passes through the plane of
x=4.5 cm, the half of the depolarized domain is reset to
the initial condition to induce instability (S2 protocol).
In the present simulation, S2 protocol was imposed at t
= 400 msec. We computed here three cases as baseline
simulations: isotropic simulation only with epicardial
cell layer, anisotropic one only with epicardial cell layer,
and anisotropic one with three layers, epicardial,
midcardial, and endocardial cell layers. Each cell layer
has an equal thickness through z direction. In case of
anisotropic simulation, the conduction diffusivity tensor,
D,, has different values according to fiber orientation.
Here the fiber orientations through tissue layer vary
linearly from -60° (endocardium) to +60° (epicardium)
as suggested by Beyar and Landersberg (1984). We also

assume that the conduction coefficient in fiber

Table 1 Simulation conditions for the action potential

propagation through ventricular tissue.

Simulation Values References
conditions
Diffusion Dy=0.00154 cm*/msec Ten Tusscher
coefficient D1=1/7*D}=0.00022 et al. (2005)
Along fiber cm®/msec Clayton &
orientation Holden (2002)
Normal to fiber
orientation
Cell capacitance Cp=2 pF/cm’ Ten Tusscher
per unit surface et al. (2005)
area
Time step size 0.01 msec Model
parameter
Initial values of the -87.3 mV Ten Tusscher
model variables 0.2 uM et al. (2005)
Action potential Ten Tusscher
baseline value et al. (2005)
Intracellular Ca™
concentration
Stimulus conditions 50 pA/pF Model
Stimulus 1 msec parameter
magnitude Model
Stimulus parameter
duration
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Figure 3. Schematic of a three dimensional tissue model
with the description of wave propagation and S1-S2

protocol for inducing spiral wave.

orientation is 7 times larger than that in the normal
direction of fiber orientation (Clayton and Holden,
2002). Detailed simulation conditions are summarized in
Table 1.

Fig. 4 shows the sequential plots of action potential
contour before the reentrant wave is fully developed.
Depolarization wave is shown in Fig. 4(a), traveling in
negative x direction. Repolarization wave passing
through the mid plane is plotted in Fig. 4(b) before the
S2 protocol is applied. Due to sharp corner formed by
the S1-S2 protocol near the center of the computational
domain, instability of action potential traveling wave
happens and thus the spiral wave begin to generate as
shown in Fig. 4(c) and (d). In Fig. 5, we presented the
action potential contours of the fully developed spiral
wave for different simulation conditions. For isotropic
case, the spiral wave didn’t have any variation across
thickness or fiber orientation (Fig. 5(a)) whereas
anisotropic one showed different pattern of spiral wave.
Deformed spiral wave structure was found for
anisotropic cases, biased to the fiber orientation. The
wave for anisotropic case with only an epicardial cell
layer was biased in the fiber orientation but no variation
across tissue thickness (Fig. 5(b)) whereas an action
potential gradient across tissue thickness was observed
(Fig. 5(c)). When we compared the equipotential
surfaces (AP = 0 mV) of the three cases, the anisotropic
case with three cell layers showed a twisted pattern
along fiber direction and thickness layer, indicating the
augmentation of wave complexity by the cellular

inhomogenity and anisotropic conduction. Pseudo ECG



changes were plotted in Fig. 6. ECG pattern of the
isotropic case was regular and had a high frequency with
duration of 287 msec in Fig. 6(a) whereas oscillatory
pattern with varying magnitude was observed and
frequency was relatively low for that of the anisotropic
case with three cell layers (Fig. 6(b)).

Figure 4. Sequential contours of action potential for
isotropic tissue model. (a) t=200 msec, {b) t=400 msec,
(c) =600 msec, (d) =800 msec.

Figure 5. Action potential patterns for three different
models. (a) Isotropic model, (b) Anisotropic model with
epicardial cell layer, (c) Anisotropic model with three cell

layers.
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Figure 6. Pseudo ECG patterns. (a) Isotropic model, (b)

Anisotropic model with three cell layers.
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3D hypertropic tissue model

Cardiomyopathy is the pathological states where the
muscle layer become thick and the portion of non-
excitable fibroblasts is gradually increases as the
progress of disease, eventually resulting in heart failure.
Due to increased percentage of non-excitable fibroblasts,
the propagation of electric wave is hindered. To simulate
the effect of this diseased state of tissue on spiral wave
propagation, we constructed an hypertropic model of
ventricular tissue.

To incorporate the role of non-excitable fibroblasts into
the model, we first determined a conductivity of
fibroblasts mixed with cardiac cells from a recent
experimental observation done by Gaudesius er al.
(2003). They measured the electric propagation time in a
line of ventricular cells partially mixed with fibroblasts
and found that the fibroblasts of 15% length in the entire
cell line can delay wave propagation by 30 msec. A
simple one-dimensional simulation prior to a three
dimensional computation was done to specify the
conductivity of fibroblasts. Fig. 7 shows the activation
delay time of electric excitation due to the fibroblasts in
the cell line in the simifar protocol with the experiment
(Gaudesius er al., 2003). According to the decrease of
the electric conductivity values of fibroblasts as shown
in Fig. 7, the activation delay time was increased. In
case of the fibroblasts conductivity value of
Diibro=Dierma/85, the conduction delay time was closest
to the experimental value (30 msec). Therefore we
of  fibroblast

choose  Digpro=Dpoma’/85  as  value

conductivity in our tissue computation.

Along with the value of the fibroblast conductivity, we
assumed that 5% additional fibroblasts were added to
tissue. In the computation, the fibroblasts were
distributed randomly over the entire anisotropic tissue
domain with three cell kinds through thickness and their
volume was set to 5% of the normal tissue volume. Fig.
8 represented the spiral wave formation in the
hypertropic tissue with 5% additional fibroblasts. Unlike
the normal case of anisotropic tissue, a secondary spiral
wave was generated as shown in Fig. 8(d), (e), and (f),
indicating that the pattern change from a single focus to
a multi-focused reentrant wave could be made. This can
eventually result in irregular reentrant wave inducing

ventricular fibrillation.
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Figure 7. Activation delay time according to the values of
fibroblast electric conductivity in the one dimensional
model of the cardiac cell line with non-excitable
fibrobalsts.
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Figure 8. Sequential contours of the action potential in the

hypertropic tissue model.

Discussions

In this study, we developed a mono-domain model to
simulate three-dimensional reentrant wave propagation
in a human cardiac tissue. The present model was based
on the human cardiac cell model proposed by ten
Tusscher et al. (TNNP model) (2004) and a mono-
domain approximation for action potential propagation.
The mono-domain method for electric wave propagation
implemented by a finite element method was used to
simulate the cardiac tissue propagation mechanism.
Three types of cardiac cell models and anisotropic effect
of fiber orientation was also incorporated in this model.

A typical shape of the membrane action potential using
the TNNP model was well reproduced, showing a spike-

notch-dome style pattern of human ventricular cell (Fig.
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2). The three-dimensional simulation of isotropic cardiac
tissue showed a single focused and regular spiral wave
with no variation across thickness (Fig. 4). On the other
hand, action potential gradient along fiber orientation
and across thickness was observed in the anisotropic
tissue model with three cell layers (Fig. 5). The pseudo
ECG transient was oscillatory and had a reduced
frequency, different from that of isotropic case (Fig. 6).
To test the reentrant wave under pathological state, we
simulated a hypertopic model having additional non-
excitable fibroblasts generated by a stochastic method
(Fig. 7). Compared with normal tissue, the hypertropic
tissue results showed a secondary focus of reentrant
wave, indicating that the wave pattern can be more
easily changed from regular with a concentric focus to
irregular multi-focused reentrant waves that might cause

arrhythmia or ventricular fibrillation (Fig. 8).
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