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Abstract. This study focuses on the effects of artificial cardiac tissue
in the excitation-contraction process of the ventricular muscle. We de-
veloped a spatio-temporal computerized model of the whole heart that
handles half millimeter sized compartments using 1 microsecond time
step. We employed the effect of muscle fiber direction, laminar sheets,
depolarization period and other parameters. The artificial tissue differs
from the normal one in several ways, so their describing parameters are
also modified. In our simulation the depolarization wave (DW) conduc-
tion speed of the artificial tissue was decreased by up to 3 times. In
presence of a two centimeter wide and 2 mm thick artificial tissue slice,
the maximal depolarization delay was 38 msec. Large ventricle size, low
conducting speed and spaciousness of the injured ventricular tissue are
the main generating factors of arrhythmia, while the location of the ar-
tificial tissue has secondary importance.

Keywords: ventricle modeling, geometry estimation, interpolation
techniques.

1 Introduction

In developed countries, cardiac failure induced by myocardial infarction, despite
several decades of research, still represents an important mortality factor. In
spite of the advances in surgical techniques, immune system suppression and
post-operative health-care, the life-saving and -extending effect of cardiac trans-
plantation remains limited by shortage of proper donors and weakened immune
system [I]. The development of proper artificial cardiac tissue (ACT) may elim-
inate both limiting factors [2].

As a first organ transplant substitution method, scientists have developed
cell-based therapies, where special myocardial cells were injected into the tissue
involved in infarction [3]. This approach was hardened by a massive apoptosis
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of the injected cells (about 90%) and the low rate of successfully differentiation
into cardiomyocytes [4].

Nowadays the construction of a properly functioning “bio-artificial human
heart” is still far away, but it became possible to create of three-dimensional (3D)
muscle equivalents that can be useful for cardiac regeneration. As a result of con-
tinuous progress in the last two decades, the transplantation of contractile ACT
and the replacement of degenerated tissue areas represent an important alterna-
tive to the whole organ transplantation [I]. Motivated to develop minimally in-
vasive procedures, physicians’ aim is to create biocompatible, non-immunogenic
heart muscle that has similar morphological and functional properties as healthy
cardiac tissue.

The myocardium, due to the cardiac progenitor cells [5], has a limited abil-
ity to recover after a serious injury, so the artificial tissue has to be surgically
attached to the damaged area [6]. In order to introduce the new tissue in the ordi-
nary work process, physicians have to create a proper capillary network [7]. The
main obstacle of the integration of artificial tissue into the organ represents the
cell apoptosis, caused by insufficient oxygen level in newly introduced tissue [§].
In the presence of this pathological condition, several parts of the artificial tissue
may modify their electrical and mechanical properties that can develop altered
depolarization and repolarization waves, causing rhythm irregularities [9]. The
dysfunction of electrical impulse propagation may develop cardiac arrhythmias
that perturb pump activity [10].

In the last decade several mathematical models and intelligent computational
methods were developed in order to perform real-time computerized simulations
of the whole heart, creating a useful tool to study cardiac dynamics [IOJTT]. These
simulations have many advantages: they are not perturbed by data acquisition
errors, the simulated values of all internal variables may be visualized, the size
and nature of artificial tissue may be studied before the real intervention and
the simulation may be stopped at any time for further improvements [12].

In the following we present the main benefits and dangers of the artificial
tissue implantation procedure. Our goal is to establish a modeling platform that
can a priori show the expected results of a future implantation. The negative
effects of an eventually inaccurate operations can also a priori analysed.

The main goal of this paper is to model the onset of possible rhythm problems
that can endanger the patient’s life. The rest of the paper is organized as follows:
Section [2] gives a detailed description of the cardiac excitation and contraction
in presence of artificial tissue. Section [] presents and discusses several aspects
of modified depolarization and cardiac pump functionality, and the results of
simulations. In Section ] the conclusions are formulated.

2 Materials and Methods

2.1 Modeling Background

In our study we used a multi-level modeling technique that is visualized in Fig.
[l Each modeling level and the main descriptor parameters were described in
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Fig. 1. The hierarchical structure of heart modeling, with all possible levels from in-
dividual cells to whole organ

our earlier work [I2]. As described in the above cited paper, the main modeling
levels are: cell (type and state), cell connection, compartments, cardiac tissue
(type, structure and state), component and whole organ.

In our simulation the lowest entity is considered a compartment that has a
homogenous structure. These entities may contain only one cardiac cell type.
Each compartment may be in normal or pathological state, which describes its
electrical and mechanical behavior. All of these modeling units have unique acti-
vation potential function, mechanical contraction rules and a connection model
that determines the propagation of the depolarization wave and the mechanical
contraction of the cells. Moreover, the Purkinje system of the ventricles is also
constituted by such compartments. These Purkinje units are also included in the
connection system of the compartments.

As we move toward integration, we have to define the main properties of each
integration element, such as: tissue, component and whole organ. The basic tissue
parameters, such as fiber direction, anisotropy, depolarization period, laminar
sheets and cell inhomogeneity are determined by its consisting compartments.
The used component models enable us to determine the electrical excitation and
mechanical contraction of the heart chambers, thus supporting the volumetric
analysis and blood flow analysis for the given component or for the whole organ.

2.2 The Main Properties of Artificial Cardiac Tissue

The native cardiac tissue is a mixed structure of cardiac myocytes, fibroblasts,
smooth muscle cells, endothelial cells and macrophages. The population of each
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cell type varies by state, age, gender and tissue’s position. In our model the
ratio and nature of excitable cells is defined in tissue properties, such as: fiber
spatial orientation, level of anisotropy, shape of the activation potential that
determines the depolarization period, laminar sheets, cells and structure inho-
mogeneity [12]. Some biological properties are reflected indirectly in our model,
for example the number and spreading manner of fibroblasts are not expressed
directly but introduced in the level of conduction speed and level of anisotropy.
These simplifications allow a much higher simulation speed, while the most im-
portant biological parameters are not altered notably.

In artificial tissues, the cellular complexity is drastically lower than in normal
cardiac tissue. Several cell types are not present at all, and the overall structure
is more homogeneous. The cellular complexity can be enhanced by using un-
purified cardiac cell populations, but the cell arrangement cannot be controlled
sufficiently. A partially controlled cellular arrangement not always yields better
electro-mechanical properties instead of substantially higher cellular diversifica-
tion.

The mechanical properties of the artificial tissues significantly differ from of
the native ones. They usually are more sensitive to calcium regulation and may
produce a lower absolute force than native cardiac tissue.

Nowadays all engineered cardiac tissues suffer from the absence of vascular-
ization and perfusion. It is known that tumors cannot reach more than 3 mm
diameter without capillarization. In case of cardiac muscle that makes perma-
nent effort during contraction, the presence of sufficient nutrients and oxygen is
imperial, so individual sheets cannot be thicker than 2 mm. These layers can be
partially vascularized after the implantation [I3]. The construction of a thicker
tissue layer demands the development of an inter-layer capillary system that
nowadays is a challenging physiological task.

The connection area between the implanted artificial tissue slice and native
myocardial cell allows significantly slower depolarization propagation than both
native and implanted tissue.

2.3 Details of the Simulation

The compartment-based simulation uses an adaptive spatio-temporal resolution,
so a 0.5 mm spatial and 1 pusec temporal resolution is used in case of depolar-
ization, and a significantly lower resolution (up to 5 mm and 1 msec) in resting
phase. The instantaneous resolution, given for each region and time segment
separately, depends on the derivative of the action potential (AP) function, con-
nections of the simulated compartment, nature of studied phenomena and some
restrictions implied by hardware or total simulation time considerations. The
highest spatial and temporal resolution is needed at the depolarization wave’s
front line that propagates in an inhomogeneous and fast conducting tissue due to
the fast voltage rise caused by fast sodium current [I4]. The used spatio-temporal
resolution may vary in time due other important factors, such as: simulation of
various pathological cases especially arrhythmias, fragmentation of the depolar-
ization front line and presence of spacious low- or non-conducting isles.
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The above presented compartment-based representation was used to simulate
the electrical and mechanical behavior of all of cardiac cell types. The internal
state of each compartment is modeled separately, which allows their investigation
during the whole simulation. The connections among compartments are a priori
determined, but its properties may vary with both space and time, so we can
properly model the propagation of the depolarization wave and the mechanical
contraction of the compartments in almost all circumstances.

Several time- and state-dependent tissue-related parameters were involved in
our model that greatly influences the behavior of the compartment groups, such
as: fiber direction, level of anisotropy, average depolarization period, laminar
sheets and spontaneous cell inhomogeneity. The above mentioned parameters
were deduced for each compartment separately from the simulation circum-
stances. The study of these parameters enables us to determine the electrical
excitation and mechanical contraction of the cardiac muscle, thus supporting
the volumetric analysis for atria and ventricles.

The tissue level excitation mechanism is based on Fast’s work [I5], but their
results were transformed into compartment compatible data, considering each
compartment as a secondary generator element, while the activation potential
applied for ventricular tissue compartments was determined by using the Luo-
Rudy IT (LR) ventricular cell model [I6/I7]. Each compartment may generate
a depolarization wave if any adjacent elements are repolarized; otherwise, the
propagation is swooned [12]. The LR model accounts for dynamic changes of ionic
concentrations, so it can properly handle several pathological cases. Although
it contains few dozens of parameters instead of several hundreds used in newer
ventricular models [I1]], the propagation of depolarization wave in the artificial
tissue can be simulated properly.

During the simulation of a healthy cardiac activity, we employed the effect
of: muscle fiber direction (the ratio between longitudinal and transversal con-
ductivity varies from 2 to 10), normal and minimal depolarization period (con-
sidered 80-250 msec), laminar sheet effect (in-sheet transversal conduction 2-5
times faster than trans-sheet conduction), and cell inhomogeneity (using conduc-
tion speed differences for base-apex gradient (5%-20%), transmural epicardial-
endocardial gradient (5%-35%), left-right ventricular gradient (5%-15%)).

For pathological cases, normal parameter values were no longer maintained.
In our simulation the depolarization wave (DW) conduction speed of the injured-
but still functioning-tissue was decreased by up to 20 times.

The simulation of various pathological circumstances, of the artificial tissue
region or its barriers was performed using altered parameters [I8[19]. For ex-
ample the effect of various anatomical modifications were considered as: mus-
cle fiber direction (the ratio between longitudinal and transversal conductivity
varies from 1 to 3), normal and minimal depolarization period (considered 70-
350 msec), laminar sheet effect (in-sheet transversal conduction 1-2.5 times faster
than trans-sheet conduction), and cell inhomogeneity (using conduction speed
differences for base-apex gradient (0%-25%), transmural epicardial-endocardial
gradient (0%-50%), left-right ventricular gradient (0%-25%)).
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3 Results

Fig. 2(left) presents the depolarization time of the ventricles in presence of a
serious injury, covered by a two millimeter wide slice of artificial tissue. The
injury is situated in the left paraseptal location. The depolarization time was
calculated from the excitation moment of the atrio-ventricular (AV) node-HIS
bundle system. The dark area visualizes the later excited tissue.
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Fig. 2. (left) The depolarization time of the ventricles in presence of a 2 mm wide artifi-
cial tissue, implanted in top of the injured region situated in the left anterior paraseptal
location. The depolarization time was determined from the excitation moment of the
AVnode-HIS bundle system, and expressed in msec; (middle and right) The sectional
representation of the depolarization time in ventricles. In the left side a normal ventri-
cle is presented, while in the right side an anatomically similar ventricle had a serious
injury, covered by a two millimeter wide slice of artificial tissue. The depolarization
time was determined from the excitation moment of the AVnode - HIS bundle system.
The sectional representation of the depolarization time in ventricles. In the left side a
normal ventricle is presented, while in the right side an anatomically similar ventricle
had a serious injury, covered by a two millimeter wide slice of artificial tissue. The
depolarization time was determined from the excitation moment of the AVnode - HIS
bundle system.

In the middle and right sections of Fig. 2l we get an insight into the de-
polarization phenomena of the inner ventricular structure, solved by a sectional
representation. As shown in the figure, the depolarization time was counted from
the excitation moment of the AV-node-HIS bundle system. In the middle section
of Fig. [2 a healthy ventricular tissue is presented, while in the right section the
ventricular tissue is seriously damaged, and is covered by a functioning slice of
artificial tissue.

Table [ presents the simulation results for healthy and injured tissue. The
total depolarization time of the ventricle in presence of a 2 cm wide and 2
mm thick artificial tissue, situated in the right posterior region can reach 109
msec (counted from the excitation moment of the AV-node-HIS bundle system),
while in case of a healthy ventricle the total depolarization time was 77 msec.
The maximal depolarization delay highly depends on the size of the artificial
tissue and slightly from the injured region. The 38 msec maximal delay was
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Table 1. Simulated physiological parameters

Simulation parameters of the ventricles

Case Healthy Injury and
study Studied phenomena tissue artificial tissue
1 Total depolarization time 77 msec 109 msec
2 Maximal depolarization delay 0 msec 38 msec
3 Contractile efficiency 100 %  about 65 %

4 Maximal heartbeat rate (beats/min) 300 about 250

determined for a 2 cm wide ACT situated in the posterior region, while the
subjacent tissue was completely isolator. The contractile power of an injured
ventricle with a 2 cm wide infarcted area in best case may reach half of the normal
value. Our simulations show a 15% contractile power increase due the presence
of ACT. Due to the presence of artificial tissue, de maximal heart bit rate was
reduced by 50 beats per minute. It is important to mention that an altered
shape of depolarization and repolarization may induce arrhythmias. As the heart
rate becomes higher, the additional risk may drastically increase. The maximal
heart beat was determined from the increase of the total cardiac depolarization-
repolarization cycle duration. We expected that ACT cells repolarize at least as
fast as the middle (m cells) of the ventricular tissue.

In case of high heart rate the delayed excitation of the ACT may induce
irregular depolarization process that can develop various arrhythmias. The level
of delayed excitation of ACT highly depends on its size and the nature of the
subjacent tissue.

4 Conclusions

We created a simulation environment to show the effects of artificial tissue.
The simulation was performed for a 2 cm wide and 2 mm thick artificial tis-
sue. From the results of this simulation we concluded that the artificial tissue
may enhance the cardiac pumping function, but also may increase the chance to
develop arrhythmias. Numerical calculation confirms that occurring arrhythmia
may develop ventricular fibrillation. This deadly phenomenon is promoted by
diverse factors, such as: inhomogeneity in ventricular tissue, high excitation fre-
quency, presence of accessory pathways, slow depolarization (due to thick walls)
or repolarization and greater than normal ventricular size. Computerized simu-
lation represents a non-invasive visualization tool than helps us understand the
inner cardiac process in normal and pathological cases, and may help to select
the most endangered patients that can enhance the efficiency of health care.
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