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Abstract

Computational modeling of cardiovascular system is one
of the important research areas that can be used to analyze
the response of the heart in healthy and disease states. In
this study, an integrated -electromechanical-growth
biventricular model has been developed to simulate
concentric hypertrophy caused by systemic hypertension.
By using Windkessel three-element blood circulation
model and expanding the heart pressure model from
previous studies, the pressure of the left and right
ventricles was modeled. The implementation of concentric
growth kinematics equations was developed from previous
studies to be integrated with the electromechanical model.
The model was fully implemented in COMSOL
commercial finite element software and the validation was
performed with previous studies. Results showed that the
tissue grows to deal with critical stresses and reduces
maximum stress magnitude. Furthermore, it was observed
that the thickness of the left ventricular walls increases
significantly in this disease and the ejection fraction
decreases along with the end-diastolic volume of the heart.
The presented model can be improved in future by
including Purkinje fibers or using an extracted cardiac
geometry from medical images.

Keywords: Cardiac  Electromechanics, Growth,
Hypertrophy, Systemic Hypertension, Finite Element
Analysis.

1- Introduction

Increased left ventricular blood pressure can occur in
various diseases, such as aortic valve stenosis. Since, in
systemic hypertension, the heart is under critical stress,
concentric hypertrophy occurs, and tissue stiffness
increases. These changes ultimately affect the behavior of
the heart, causing disturbance in pump function.
Concentric hypertrophy occurs in response to critical
stress, and the heart grows and changes its structure to
adapt to these conditions. In patients with pressure
overload, the ratio of wall thickness to ventricular radius
increases in response to increased pressure, and the heart

*Manuscript received: August . Revised, , Accepted, .

mainly reacts to systolic stress. In fact, the heart begins the
growth and remodeling process in order to compensate for
mechanical demands. In this study, a biventricular
electromechanical model of the heart has been developed
by including finite growth kinematic equations to simulate
growth in systemic hypertension. The electrophysiology
and active stress models are of a phenomenological type,
and blood pressure is based on the Windkessel circulation.
The blood pressure model has been developed in a way
that can simultaneously calculate the pressure of the left
and right ventricles. The equations of finite growth
kinematics for concentric growth were defined in
COMSOL Multiphysics software, and the implementation
of the model was developed in such a way that the growth
equations are integrated with the electromechanical model,
allowing for the heart's growth to take place during the
cardiac cycle.

2- Methods

An idealized biventricular geometry was used in this study
and the orientation of cardiac fibers was defined using a
rule-based method. The orientation of the fibers was
considered as -70 degrees in the epicardium and +70
degrees in the endocardium. Myocardial sheet vector was
defined in a way that they were parallel to the radial
orientation of the heart and perpendicular to endocardial
and epicardial surfaces. The orientation of fibers and
sheets are shown in part (a) and (b) of Figure 1,
respectively.
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(b)

Fig. 1. Myocardial fiber orientation with color bar of fiber
angle (a) and sheet orientation (b)

The formulation of electrophysiology was defined as
monodomain by which the myocardial membrane
potential was determined as:

D
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In equation (1), ® represents the transmembrane
potential. C,, and x, represent the capacitance of
myocardial membrane and the ratio of membrane surface
to the cardiomyocyte volume, respectively. D is a second-
order tensor and represents the electrical conductivity of
the myocardium. Ij,, models ion current at cellular scale
and is described by a set of ordinary differential equations.
The ion current in this study was defined using a two-
variable model that was dependent on the membrane
potential and the recovery of the myocardium, each of
these variables was determined by an ordinary differential
equation. The electrical conductivity tensor was
determined according to equation (2) in such a way that
electrical conductivity along the fibers was faster than in
other directions:

D=djs1+danifo ®fo (2)

In this equation, di, is the isotropic conduction speed
of the tissue and d,,;describes the electrical conduction
speed in the direction of myocardial fibers. ® is dyadic
product and I is the identity tensor. A phenomenological
model was used to model the active stress of myocardium
as follows:
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In equation (3), S, is the active stress and Ks,, A and B
are constant parameters. €(®) is called the delay function
and describes the rate of active stress. To describe
myocardial concentric growth using finite growth
kinematics approach, the deformation gradient tensor F
was decomposed into the elastic F¢ and F& growth
components. This approach can be imagined in a way that
the small components of a continuous medium first grow
in place and reach an intermediate configuration. These
changes are described by F&. Then, these components from
the intermediate configuration attain to the secondary form
in the deformed configuration by F®, in which the
calculations are performed as:

Fe=FF&1 “4)

In equation (4), F&! represents the inverse of the
growth deformation tensor. In concentric growth
investigated in this study, the growth deformation tensor

was defined in a way that tissue growth takes place along
myocardial sheets. The evolution equation of growth H®
was adopted in a way that was dependent on the stress and
speed of the growth t,, according to:

i
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In which the expression inside the Macaulay
parentheses <tr(t)-p">, is the growth criterion and shows
that the growth takes place only when the trace of
Kirchhoff stress tr(t) is greater than the homeostatic stress
p" of the myocardium. To make the homeostatic stress of
the tissue realistic, first the growth equations were
separated from the model and three cycles of the
electromechanical model of the heart were simulated and
at the end of the third cycle, the trace Kirchhoff stress was
extracted for the entire myocardium and defined as
homeostatic stress for each point of the tissue. In fact, from
the beginning of the fourth cycle, the growth caused by the
pressure overload was simulated, and the coupling
between the physics of growth and electromechanics of the
heart was included in the model. Since systemic
hypertension is related to the left ventricle, the growth
equations were only attributed to that ventricle and growth
was not considered for the right ventricle. This was done
by using a step function with smooth transition in equation
(5). Myocardial passive mechanics were considered as
transversely isotropic and dependent on fiber orientations.
To implement the equations of growth and coupling with
the electromechanics of the heart, the second Piola-
Kirchhoff stress tensor in COMSOL was modified as
follows:

_ 1 a"l"vol a"l"iso T (6)
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where E=%(FETF9-I), is the elastic Green-Lagrange

strain tensor and J8 is the determinant of the growth
deformation tensor. s, and s, are the isochoric and
volumetric parts of the strain energy function,
respectively, which describe the passive mechanics of the
tissue.

Ventricular pressure in this study was determined
according to equation (7) in such a way that the volume of
the chambers was equal to inflow and outflow of
Windkessel models:

PBiVZ(D(chr'Qdiv) (7

where Qg4;, calculates the volume of the ventricle from
the divergence theorem and Q. is the blood volume
calculated according to the flows of each ventricle using
Windkessel circulation. A large value was considered for
w to regulate the ventricular pressure based on the
calculated volumes. Two types of equation (8), one for the
left ventricle and the other type for the right ventricle, were
used so that the pressure of the left and right ventricles can
be calculated according to inflow and outflow.

3- Verification

In order to verify growth equations, the Neo-Hookean
model was used for passive mechanics, and the growth
were considered stress-dependent. As a boundary
condition, a clinical pressure was applied to the
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endocardium. The verification is shown in Figure 2, which
shows maximum growth in the myocardium, and despite
the fact that the geometry of this study is different from the
reference study, results show a good agreement. The major
difference occurs in about 400 ms. However, the results
are consistent at the end of the simulation and converge to
the same value.
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Fig. 2. Verification of growth in present study (solid blue
line) with reference study that used Abaqus and MATLAB

4- Results and Discussion

Figure 3 shows the changes of ventricular pressures in the
first three cycles related to the normal case of the heart. It
can be seen that both ventricles go through cardiac phases
simultaneously and perform heart pumping function. The
maximum left and right ventricular pressures in normal
case was 120 and 25.24 mmHg, respectively.
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Fig. 3. Pressure of left (LV) and right (RV) ventricles in first
three cycles of normal case in electromechanical model

Figure 4 shows concentric hypertrophic growth in
response to systemic hypertension in anterior and posterior
views along with the magnitude of displacement at the end
of the third and seventeenth cycle. A growth multiplier
with a value of 1 means that the cardiac cardiomyocyte has
not grown, and a value of 1.5 indicates that 50% has been
added to the number of sarcomeres in transverse direction
of the cell. On a macroscopic scale, systemic hypertension
showed a thickening of the left ventricular wall in radial
direction of the heart in order to enable the heart to
withstand the pressure and the resulting high stresses. At
the time of third cycle, which is the end of the third cycle,
the myocardium does not grow and the heart is in a normal
state. At the end of the seventeenth cycle, the heart showed
a significant growth of approximately 1.5 in the posterior
view. It can be observed from Figure 4 that the thickness
of the left ventricle was increased significantly, but the size
of the heart was remained relatively constant.

In part (c) and (d) of Figure 4, the negative sign in the
displacement color bar means that the longitudinal
displacement of the heart towards the apex has occurred.

A positive sign indicates a longitudinal shift towards the
upper surface of the heart. At the end of 3000 ms, the heart
has shown some displacement, and it should be noted that
the displacement shown is relative to the stress-free
configuration and initial geometry of the model. Since at
the end of the third cycle, the inner wall of the heart is
under the end-diastolic pressure, this pressure has caused
the displacement of the heart in the longitudinal direction.
At the end of seventeenth cycle, the growth of the tissue
caused a displacement in the longitudinal direction of the
heart by an amount of approximately 0.25 cm towards the
apex.
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Fig. 4. Myocardium in normal state of third cycle (a) and
after growth in seventeenth cycle (b) (color bar indicate
growth multiplier) along with the magnitude of
displacement at the end of the third (c) and seventeenth (d)
cycles (the color bar is the magnitude of displacement in cm)

The increase in the thickness of left ventricular free
wall and the septal wall in this study was 30% and 22%,
which are shown in parts (a) and (b) of Figure 5,
respectively. This increase in thickness has been been
calculated and normalized with respect to the thickness of
myocardial wall at the end of the third cycle, when it is
under end-diastolic pressure. Since the septal wall is
constrained by the right ventricle, it experiences less stress
and therefore less growth than the left ventricular free wall.
A 30% increase in the thickness of left ventricular free wall
meant that the thickness of the wall reached an
approximate value of 1.5 cm at the end of the seventeenth
cycle. It is noteworthy that at the beginning of each cycle,
the thickness of the walls underwent an abrupt change due
to the current pulse applied for myocardial activation. An
increase in the thickness of the wall during cardiac cycle
means that the wall is contracted and the heart is pumping
blood into the body. Decrease in thickness indicate that
heart enters the diastolic phase and the blood applies
pressure on the inner layer of the heart, causing wall
thickness to decrease.
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Fig. 5. Increase of left ventricular free wall (a) and septal
wall (b) thicknesses from the fourth to seventeenth cycle
during growth

Changes of growth multiplier in different cycles for
two points at a distance of one-third from the upper surface
of the heart in the epicardium of the left ventricular free
wall and septal wall are shown in Figure 6. In third cycle
(between 2000 and 3000 ms), the growth multiplier was
equal to 1, and at the end of the seventeenth cycle, was
about 1.48 and 1.36 for the left ventricular free wall and
the septal wall, respectively. From the fourth cycle
onwards, both walls started to grow. The increase in the
growth multiplier was gradual since in each cycle, the
heart contracts and the stress increases, and after the
contraction, the heart enters the diastolic phase and the
amount of stress and as a result the growth of the tissue
decreases. Since the stress of the septal wall was lower
than the left ventricular free wall, the growth at the point
associated with the septal wall, due to the direct
dependency of growth multiplier to the stress based on
equation (5), was also lower than the left ventricular free
wall.
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Fig. 6. Growth multiplier in the epicardium of the left
ventricular free wall and septal wall for cycles 3 to 17

Figure 7 shows the pressure-volume loop of the left
ventricle in normal case of the third cycle and concentric
growth caused by systemic hypertension in the
seventeenth cycle. Compared to the normal case, the
ventricular pressure in growth case was significantly
reduced. The simulation performed in this study is related
to the second and third phases of systemic hypertension
and its structural changes. The process of ventricular

pressure reduction in the present model can be justified
from two physiological and mathematical perspectives.
Physiologically, the heart grows to be able to withstand
high pressure and stress, as a result, the pressure decreases
due to the increase in wall thickness and tissue stiffness.
Based on Laplace's law, the wall stress decreases with the
increase of thickness and thus leads to a decrease in
ventricular pressure. Mathematically, according to
equation (7), the ventricular pressure is dependent on the
volume change of the ventricles. Since the wall of the
ventricle has grown and become thicker, the volume
change of the ventricle during cardiac cycle has decreased,
causing the reduction of ventricular pressure. According to
Figure 7, the end-diastolic volume of the heart decreased
in seventeenth cycle, compared to the normal state.
Furthermore, since the blood flows were reduced, the
ejection fraction in the disease was reduced. The amount
of ejection fraction in normal case was 51.46% and in the
seventeenth cycle of concentric growth was equal to
42.47%. Moreover, the end-diastolic volume of normal
case and concentric growth were equal to 55.78 and 52.46
ml, respectively.
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Fig. 7. The pressure-volume loop of the left ventricle in the

normal case of the third cycle and the growth caused by the

systemic hypertension in seventeenth cycle

5- Conclusion

In this study, an electromechanical model of the heart was
coupled with the finite growth kinematic equations and
was utilized to simulate the structural changes caused by
systemic hypertension. In this model, an idealized
biventricular geometry and phenomenological models for
the electrical response and active stress of the heart were
used, and the blood pressure of each ventricle was
simulated using Windkessel circulation. The approach
adopted for modeling the ventricular pressure was
developed in such a way that left and right ventricular
pressures can be calculated simultaneously. Coupling
electromechanical physics and growth equations provided
the advantage that growth occurs during the cardiac cycle,
taking into account the electromechanical and circulatory
behavior of the heart. This realistic approach integrated
electrophysiology and passive mechanics with the growth
equations. The results of the model showed that the
thickness of the left ventricular free wall and the septal
wall increases significantly due to the growth caused by
the systemic hypertension disease. Furthermore, the
ejection fraction and end-diastolic volume of the heart
decreased due to this disease. Moreover, the results
showed that the heart grows and adapts to critical
conditions in order to cope with maximum stress and
pressure. The presented model was entirely implemented
in COMSOL commercial finite element software, and in
the future, the model can be expanded by including
Purkinje fibers, heart valves, and blood circulation of other
cardiac compartments.
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