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Abstract: Myocardial ischemia could induce arrhythmias such as ventricular tachycardia and ventric-
ular fibrillation, leading to sudden death and other serious consequences. This manuscript adopted
the cardiac modeling and simulation method to study the activity pattern of myocardial ischemia-
related ventricular tachycardia and the effect of increased extracellular potassium concentration on
arrhythmia vulnerability. A whole ventricular electrophysiological model of endocardial ischemia
caused by distal occlusion of left anterior descending coronary artery was established. The simu-
lation results suggested that the relationship between the vulnerability of ventricular arrhythmias
and extracellular potassium concentration was bell shaped with a peak in susceptibility at 12 mM.
This result was caused by the effect of extracellular potassium concentration on the dispersion of
repolarization and the effective refractory period of cardiomyocytes. The extension of the effective
refractory period was due to the electrical remodeling of the ventricle. Specifically, it was because
of the delayed recovery of the Iy, current. In addition, the regularity of endocardial/epicardial
reentrant pattern during non-transmural ischemia was also analyzed. The endocardium formed
micro-reentrant, while the epicardium established macro-reentrant rotating around the ischemic
regions provided a new idea for the determination of clinical ablation targets.

Keywords: cardiac modeling; computer simulation; myocardial ischemia; ventricular arrhythmia;
extracellular potassium concentration

1. Introduction

Ischemic heart disease is a leading cause of sudden arrhythmic death, causing 7 million
deaths worldwide every year [1]. Clinical studies have shown that the incidence of ar-
rhythmias increases significantly when cardiomyocytes are ischemic [2]. However, the
specific mechanism of arrhythmia and the activity law of depolarizing wave induced by
myocardial ischemia is not completely clear. Therefore, it is of great clinical significance to
study the relationship between myocardial ischemia and arrhythmia.

Myocardial ischemia is usually caused by coronary artery occlusion [3]. Ischemia
could lead to three main ischemic effects in cardiomyocytes: reduced oxygen supply
(hypoxia), increased extracellular potassium concentration (hyperkalemia) and tissue
acidification (acidosis). These metabolic changes make the amplitude and duration of action
potential decrease, the conduction velocity slow down and the effective refractory period
increase [4]. According to previous research, the elevation of resting membrane potential
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and the change of cellular excitability caused by the increase of extracellular potassium
concentration may provide substrate conditions for the occurrence and maintenance of
arrhythmia [5]. Although the relationship between extracellular potassium concentration
and arrhythmia has been studied in animal experiments, the mechanism has not been
analyzed and confirmed from micro to macro scale; therefore, further study is needed.

Because the mechanism of arrhythmia caused by myocardial ischemia involves many
factors from microscopic (cellular and molecular level) to macroscopic (tissue and organ
level), it is difficult to understand its internal mechanism through animal experiments or
clinical studies. Therefore, computer modeling and simulation has become an effective
supplementary tool for experimental and clinical research [6,7].

Many researchers have explored the relationship between ischemic heart disease
and arrhythmia from different perspectives. Tice et al. used a 2D model to study the
importance of transmural heterogeneity in arrhythmias. The results showed that the
transmural gradient of Ixatp) significantly increased the susceptibility to arrhythmias [8].
Rodrigue et al. simulated global ventricular ischemia on a 3D rabbit ventricular model
and studied the effect of global ventricular ischemia on the upper limit of the vulnerability
period of defibrillation [9]. McDowel et al. studied the effect of fibroblast density on
arrhythmia susceptibility and found that arrhythmia susceptibility increases with the
increase of fibroblast density, but higher fibroblast density led to a decrease in arrhythmia
susceptibility [10]. Deng et al. assessed the risk of arrhythmia by building a personalized
virtual heart model [11]. Fallahia et al. simulated ECG signals during ischemia [12]. The
current studies are almost aimed at transmural ischemia and there is a lack of computer
simulation study on the relationship between the increase of extracellular potassium
concentration caused by ischemia and arrhythmia vulnerability.

Therefore, this manuscript adopted the cardiac modeling and simulation method to
study the propagation pattern of reentry during non-transmural ischemia and the relation-
ship between extracellular potassium concentration ([K*],) and arrhythmia vulnerability
in the case of hyperkalemia.

2. Materials and Methods

This manuscript constructed a multi-scale ventricular electrophysiological model
from cell level to tissue level then to organ level. On the basis of this model, the whole
ventricular electrophysiological model of endocardial ischemia caused by distal occlusion of
left anterior descending coronary artery was established. Figure 1 shows the construction
process of the ventricular model. The reentry forms of endocardium and epicardium
with non-transmural ischemia were analyzed by applying S1-52 stimulation to induce
tachycardia. The arrhythmia vulnerability was evaluated when the extracellular potassium
concentration was different in the ischemic regions by measuring the vulnerability window.
The research was carried out on the simulation software CARP (Cardiac Arrhythmia
Research Package).

2.1. Construction of Whole Ventricular Electrophysiological Model

The heart anatomical model was a rabbit ventricular finite element model based on
magnetic resonance images, which contained 82,619 nodes and 431,990 elements [13]. The
resolution of the model was 410 um, which can guarantee the efficiency and accuracy of
simulation at the same time [14]. We adopted the bidomain model and the effect of the
direction of myocardial fibers were considered. The conductivity, along the fiber direction,
was set to 0.62 S/m and the conductivity in the vertical fiber direction was set to 0.24 S/m
in the extracellular space, while the corresponding conductivities in the intracellular space
were set to 0.174 S/m and 0.019 S/m, respectively [15]. All these values were multiplied
by 0.3 times to be consistent with the conduction velocity of the real rabbit ventricular
myocardium [16]. The main input parameters of the model were shown in Table 1.
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Figure 1. Schematic representation of the pipeline to build the whole ventricular electrophysiological model of myocardial
ischemia caused by distal occlusion of left anterior descending branch.

Table 1. The main input parameters of the whole ventricular electrophysiological model.

Main Input Parameters Values Units

Intracellular conductivity (along the fibers) 0.0522 S/m

Intracellular conductivity (transverse to the fibers) 0.0057 S/m

Intracellular conductivity (in sheet normal direction) 0.0057 S/m

Extracellular conductivity (along the fibers) 0.186 S/m

Extracellular conductivity (transverse to the fibers) 0.072 S/m

Extracellular conductivity (in sheet normal direction) 0.072 S/m
Time step 50 ms

Cell membrane surface area to volume ratio 1400 1/cm

Cell membrane capacitance per unit area 1 uF/cm?
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The myocardium was equally divided into three layers according to the transmural
distance: endocardium, midmyocardium and epicardium. The Mahajan cell models [17]
were adopted and the three-layer cardiomyocyte models were obtained by modifying the
ionic currents parameters [18]. In our study, the Mahajan rabbit ventricular cell model
without modified parameters was used as the epicardial cell model; the endocardial cell
model was obtained by multiplying the slow inactivating transient outward K* current
(Ito,s) by 25%; the myocardial middle cell model was obtained by multiplying slow delayed
rectifier K* current(Ixs) by 25%.

2.2. Ventricular Electrophysiological Heterogeneity during Ischemia

Different ischemic degrees and sites could lead to different spatiotemporal mani-
festations of ischemic effects. Ischemia first occurs in the endocardium, which is called
subendocardial ischemia. If arterial occlusion lasts for a long time, the ischemia will
spread to the epicardium, forming transmural ischemia [19]. This manuscript simulated
endocardial ischemia during distal occlusion of the left anterior descending branch of the
coronary artery. The ischemic area included the ischemic central zone (ICZ) and the border
zone (BZ), while the rest of the ventricular area was the normal zone (NZ). The edema of
cardiomyocytes and the increase of anaerobic glycolysis in myocardium led to acidosis in
the cells and high potassium outside the cells, which affect the depolarization and repolar-
ization of the ventricle. In this study, different cell electrophysiological parameters were
set in the ischemic central zone: on the basis of the extracellular potassium concentration
of 5.4 mM in normal myocardium, the extracellular potassium concentration was set to
9 mM, 12 mM, 15 mM, respectively, to simulate hyperkalemia [20]; hypoxia was mimicked
by partially activating the ATP-sensitive K* current (Ixatp)) [21]; acidosis was taken into
account by reducing peak sodium current (In,),peak L-type calcium current (Ic,.1,), slow
delayed rectifier potassium current (Ixg)and rapid delayed rectifier potassium current (Ix;),
to 38%, 31%, 20% and 30% of the normal value, respectively. In order to model cellular
uncoupling, the conductivity was reduced to 10% of the normal value [11]. The above
parameters of the BZ were set as gradient changes to simulate the linear transition from
the ICZ to the NZ.

2.3. Simulation and Method

In this manuscript, single-cell simulations were conducted on epicardial cells, mid-
myocardial cells, endocardial cells and myocardial ischemic cells under different levels
of extracellular potassium concentration. The correctness of the cell model was veri-
fied by comparing the parameters such as the duration of action potential (APD) and
resting potential.

A detailed His-Purkinje system was integrated in the ventricular model and the
virtual electrocardiograms of lead II under normal and myocardial ischemia were
calculated respectively.

Stimulation was applied at the starting point of His-bundle to simulate the excitement
of the atrium transmitted to the ventricle through His-bundle. The virtual electrocar-
diograms of lead II verified the accuracy of normal/myocardial ischemic ventricular
electrophysiological model.

In order to evaluate the effect of extracellular potassium concentration on the vulner-
ability window (VW), three suprathreshold electrical stimulation S1 was applied at the
apical part of the ventricular model of myocardial ischemia with different extracellular
potassium concentration. The interval of stimulation is 600 ms to simulate normal ven-
tricular rhythm. Then, premature stimulation S2 was applied to the lateral wall of left
ventricle to induce ventricular tachycardia. The position where the stimuli were applied
was shown in Figure 2a. The interval between the last S1 stimulation and premature
stimulation S2 was the coupling interval (CI). Different coupling intervals determined
whether ventricular tachycardia could be successfully induced. The time between the
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maximum and minimum coupling intervals that could induce ventricular tachycardia was
defined as the vulnerability window (VW) [22].
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Figure 2. (a) The position where S1 and S2 stimulation are applied; (b). Simulated action potentials under steady state for
the endocardium cells, epicardium cells, midmyocardium cells and ischemic cardiomyocytes in the ICZ at three extracellular

potassium concentrations.

3. Results

Figure 2b shows the action potentials (AP) of endocardial cells, epicardial cells and
midmyocardial cells which were simulated in the steady-state conditions. The APD of
midmyocardial cells was the longest, the APD of epicardial cells was slightly shorter than
that of endocardial cells [23]. Figure 2b also shows the APs of ischemic cardiomyocytes in
the ICZ at different values of extracellular potassium concentrations. The APD of ischemic
cardiomyocytes was significantly shortened and the resting potential increased. When
the extracellular potassium concentration was 9 mm, 12 mm and 15 mm, respectively,
APD shortened 49%, 55% and 66% and resting potential increased 15%, 23% and 32%,
respectively [24]. Figure 3a shows the location of the ischemic tissue and the ventricular
resting potential. The light blue area was ICZ, the dark blue area was BZ and the dark gray
area was NZ. The ischemic tissue showed a high resting potential, which was caused by
the increase of extracellular potassium concentration.

Figure 3b shows the virtual electrocardiogram (ECG) results. The black curve and
the red curve represented the lead II ECG under the normal ventricle and the ischemic
ventricle, respectively. The red curve exhibited the ST depression and the T-wave elevation,
which was consistent with the clinical ECG of subendocardial ischemia caused by distal
occlusion of left anterior descending branch [25,26]. In addition, the red curve also showed
a wide QRS-wave, which was consistent with the clinical ECG of hyperkalemia [27].

So as to determine the effect of extracellular potassium concentration on arrhythmia
vulnerability, this manuscript studied the relationship between extracellular potassium
concentration and the size of vulnerability window of reentry. As presented in Figure 4,
extracellular potassium concentration was found to have a significant effect on the size of
the vulnerability window. For [K*], = 9 mM, the vulnerability window was found to be
7 ms, with Cls originating reentry between 187 and 194 ms and the reentrant activation
maintained 1900 ms. With the increase of extracellular potassium concentration, the vul-
nerability window also increased. For [K*], = 12 mM, the vulnerability window increased
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to a maximum of 12 ms (CIs between 181 and 193 ms). In this case, the reentry activity
lasted for the longest time and ended spontaneously after 2100 ms. However, when the
extracellular potassium concentration was further increased, the vulnerability window
decreases. For [K*], = 15 mM, the vulnerability window reduced to 6 ms (CIs between
191 ms and 197 ms) and the duration of reentrant activation was also reduced to 1100 ms.
That is, in the range from 9 mM to 12 mM, the vulnerability window changed in the shape
of a bell with the increase of extracellular potassium concentration, which was consistent
with the results of animal experiments [20].
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Figure 3. (a) The location of the ischemic tissue and the ventricular resting potential; (b) Virtual electrocardiogram of normal

ventricle (black) and virtual electrocardiogram of endocardial ischemia ventricle caused by left anterior descending branch

occlusion (red).
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Figure 4. Coupling interval and vulnerability window size that could cause arrhythmia under
different extracellular potassium concentration.
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On the basis of the above work, this manuscript further analyzed the relationship
between the mode of ventricular depolarization wave conduction and the location of the
ischemic regions. After premature stimulation S2 was applied during the vulnerability
window, the epicardium formed the macro-reentrant near the ischemic regions and the
reentrant wavefront rotated around the ischemic regions. This phenomenon could be
observed under three levels of extracellular potassium concentration. Figure 5 shows
the propagation mode of epicardial reentrant wavefront, for the case of [K*], = 9 mM
and CI = 187 ms. The black arrow pointed to the propagation direction of the reentrant
wavefront. As it can be observed in Figure 5, the reentrant wavefront rotated around the
ischemic regions once during 1756-1791 ms and then continued to propagate in other
direction. Another reentrant wavefront rotating around the ischemic regions was formed
during 1971-2009 ms.

-85 mV 30
|
1756 ms 1772 ms 1791 ms

1971 ms 1985 ms 2009 ms

Figure 5. Macro-reentrant pattern of propagation in the ischemic ventricles around the ischemic regions ([K*], =9 mM and

CI = 187 ms).

Unlike the epicardium, the reentrant activation of the endocardium was more bro-
ken and the transmural micro-reentrant was observed around the ischemic regions [28].
Figure 6 shows the propagation mode of endocardial reentrant wavefront, for the case of
[K*]o = 12 mM and CI = 192 ms. The depolarization wavefront in the red circle was the
observed transmural micro-reentrant. As illustrated in Figure 6, the transmural micro-
reentrant appeared at 1789 ms and then returned to the surrounding normal regions. At the
time of 2481 ms, the new transmural micro-reentrant reappeared in the BZ and then spread
to the normal regions above. That was because the cardiomyocytes in the regions below
were in the refractory period, which hindered the wavefront propagation. In addition,
reentrant activation can also spread from the endocardium to the epicardium, as shown
in Figure 6b. At the time of 2841 ms, endocardium and epicardium showed different
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reentrant activation distributions. In the white circle, the reentrant activation transmitted
from endocardium through the ventricular wall to epicardium.
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Figure 6. (a) The mode of the endocardial transmural micro-reentrant (inside the red circle) propagation; (b) Reentrant
activation transmitted from endocardium to epicardium (inside the white circle).
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4. Discussion
4.1. Verification of Electrophysiological Models of Cardiomyocytes and Ventricles

For this study, on the basis of constructing a rabbit ventricular model with trans-
mural heterogeneity, a ventricular model of endocardial ischemia caused by left anterior
descending branch occlusion was established. The effects of different extracellular potas-
sium concentrations on arrhythmia vulnerability were studied by giving cardiomyocytes
different extracellular potassium concentrations and inducing arrhythmias. By simulating
the action potentials of various cardiomyocytes and calculating virtual electrocardiograms
under normal and ischemic conditions, the correctness of cardiomyocyte models and ven-
tricular models were verified. This manuscript performed sensitivity analyses of some
important input parameters when the extracellular potassium concentration was 12 mM.
When the conductivity was increased by 1.5 times, the vulnerable window was reduced by
1 ms and the sensitivity was 8.33%. When the time step was reduced to 45 ms, the size of
the vulnerable window did not change.

4.2. Effect of Extracellular Potassium Concentration on Arrhythmia Vulnerability

The simulation results suggested that the relationship between the vulnerability
of ventricular arrhythmias and extracellular potassium concentration was bell shaped
with a peak in susceptibility at 12 mM. When the extracellular potassium concentration
increased from 9 mM to 12 mM, the vulnerability window increased significantly and
the duration of reentrant activation also increased. This phenomenon was due to the
increase of repolarization dispersion caused by the increase of extracellular potassium
concentration, which was beneficial to the formation and maintenance of reentry. The
dispersion of repolarization could be measured by the APD distribution [29]. Figure 7
shows the APD distribution at different extracellular potassium concentrations after the
S1 stimulation. When the extracellular potassium concentration was increased to 12 mM,
the isochron density of APD increased, that is, the dispersion of repolarization increased,
resulting in an increase in the vulnerability of ventricular arrhythmias.

ms 166

(a) (b)

Figure 7. The APD distribution at different extracellular potassium concentrations after S1 stimula-

tion. The extracellular potassium concentrations of were (a) 9 mM and (b) 12 mM, respectively.

When the extracellular potassium concentration increased from 12 mM to 15 mM,
both of the vulnerability window and the duration of reentrant activation decreased. The
main reason was that with the further increase of extracellular potassium concentration,
the effective refractory period of cardiomyocytes increased significantly, which hindered
the propagation of reentrant wavefront. Extracellular potassium concentration is the
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most important influencing factor of the effective refractive period (ERP) in single cell
kinetics [30]. As shown in Figure 8a, four points of ABCD were selected in different
locations of the ICZ and BZ. This manuscript compared the action potential duration and
the effective refractory period of the four points and further explored the mechanism of the
change of the effective refractory period. Figure 8b illustrated the steady state values of
action potential period and effective refractory period of ABCD at different extracellular
potassium concentrations when the length of S1 stimulation cycle was 600 ms. With the
increase of extracellular potassium concentration, the action potential duration of each
point was shortened, while the effective refractory period was prolonged. For the case
of [K*]o = 9 mM, the effective refractory period of point D was 149 ms. However, when
[K*]o =15 mM, the effective refractory period of point D increased significantly, reaching
375 ms. The extension of the effective refractory period was due to the electrical remodeling
of the ventricle, that is, abnormal activity of ion channels in cardiomyocytes led to electrical
abnormalities. This manuscript studied the change of gated channels of In, which mainly
affected the Phase 0 depolarization. The activation gates and the fast inactivation gates
of Inn under different extracellular potassium concentration were showed in Figure 8c,d,
respectively. When the extracellular potassium concentration increases from 12 mM to
15 mM, the activation gate recovered earlier, while the inactivation gate recovered later
and reached a lower steady state. The delayed recovery of the Iy, current led to prolonged
refractory period. Prevention and elimination of abnormal activities of ion channels could
be the target of clinical treatment.
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Figure 8. (a) The measurement sites of effective refractory period and action potential duration; (b) Effective refractory
period and action potential duration of ABCD at different extracellular potassium concentrations; (c) Activation gates (m
gate) of In, of D under different extracellular potassium concentration; (d) Fast inactivation gates (h gate) of Iy, of D under
different extracellular potassium concentration (0 time is the time when the action potential occurs).
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4.3. Ventricular Depolarization Wave Conduction under the Condition of Myocardial Ischemia

The reentrant activation of endocardium and epicardium showed a great difference
under three levels of extracellular potassium concentration. The epicardial reentrant
activation formed the macro-reentrant, which rotated around the ischemic regions. The
endocardial reentrant activation was more broken and the micro-reentrant was observed
in the BZ. The micro-reentrant was caused by heterogeneity between epicardium and
ischemic cardiomyocytes. The conduction velocity of the ischemic cardiomyocytes in the
BZ was slow, while the conduction velocity of the epicardial cardiomyocytes was normal.
Therefore, when the reentrant wavefront reached the BZ, the epicardium was excited
rapidly, while the endocardium formed a conduction block, which led to the conduction
of the wavefront from the epicardium to the endocardium and then the micro-reentrant
was formed. The reentrant wavefront can also be transmitted from the endocardium to
the epicardium. The heterogeneity between ischemic cardiomyocytes and epicardium
provided a new transmission pathway for reentrant activation, resulting in more chaotic
transmission, which was conducive to the maintenance of arrhythmias.

5. Conclusions

This study shows that myocardial ischemia had an important effect on the occurrence
of arrhythmia. With the gradual increase of extracellular potassium concentration caused
by myocardial ischemia, the vulnerability of arrhythmia was bell-shaped and arrhythmia
was most likely to occur when the extracellular potassium concentration was 12 mM.
That was because the extracellular potassium concentration affected the dispersion of
repolarization and the effective refractory period of cardiomyocytes. In addition, in the
case of non-transmural ischemia, the micro- reentrant of endocardium and the macro-
reentrant rotating around the ischemic regions of epicardium were also observed in this
manuscript. It provided a new idea for the determination of clinical ablation targets [31].

6. Limitations

There are still some limitations in this study: first, of all, the ischemic regions are
generally not a regular pattern in clinic. The influence of the complex boundary shape of
the ischemic regions was not considered in this manuscript. Secondly, under the condi-
tion of myocardial ischemia, the His-Purkinje system also had a certain influence on the
generation and maintenance of arrhythmias, which was not considered in this manuscript.
Thirdly, the ventricle was simulated as a rigid body without considering the mechani-
cal activity of the heart. Finally, excessive activation of the sympathetic nerve leads to
abnormal excitability, automaticity and conductivity of cardiomyocytes, thus, increasing
the vulnerability of arrhythmias. Due to the limited simulation conditions, this study did
not consider the influence of the nervous system. In a subsequent study, we will further
improve these aspects.
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