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1. Introduction

Diastolic heart failure is a multiscale phenomenon that
gradually impacts upon different scales of the heart and
increases the thickness of the ventricular walls and is
associated with concentric hypertrophy. In this study,
myocardium growth caused by diastolic heart failure disease
was modeled using the finite growth kinematics approach in
an idealized biventricular  geometry.  Myocardium
microstructure is defined by a mathematical method. The
presented approach for implementing finite growth kinematic
equations in COMSOL Multiphysics software is new and
unlike previous approaches. It does not require coding or the
use of secondary software. The approach was compared and
validated with previous studies.

2. Method

First, the local coordinate system of the myocardium was
defined. The local coordinate system includes the longitudinal,
circumferential and radial directions of the heart, which were
determined using two interfaces of the curvilinear coordinate
system in COMSOL Multiphysics. Each interface was used for
one of the ventricles of the biventricular geometry. After
defining the local coordinate system, the distance between the
two layers of epicardium and endocardium was calculated
using two wall distance interfaces and a variable was defined
which was normalized and its value was equal to 0 in
epicardium and 1 in endocardium. By using the determined
variable, the angle of the fibers was changed linearly from the
epicardium to the endocardium from -60 degrees to 60
degrees. Figure 1 shows the orientation of fibers vector. The
orientation of the sheets vector of the myocardium
microstructure was considered perpendicular to the surfaces of
the epicardium and endocardium and in the radial direction of
the heart.

By using the finite growth kinematics approach to model
the growth of diastolic heart failure, the deformation gradient
tensor according to Equation 1 is multiplicatively decomposed
into two components:

F=F,F, @

Figure 1. Orientation of the fibers
(the :olor bar indicates the angle of the fiber: in degrees.)

Where F, is the elastic deformation tensor and F, is the growth
deformation tensor. The growth deformation tensor describes
the deformation of the tissue from the reference configuration
to the intermediate configuration and the elastic deformation
tensor describes the deformation of the tissue from the
intermediate configuration to the deformed configuration.
Therefore, the calculations are based on the elastic
deformation tensor. In this study, the property of myocardium
is considered to be transversely isotropic, in which the tissue
exhibits different stiffness in the direction of the fibers. In
order to model the growth of diastolic heart failure, the growth
deformation tensor should be defined manually by the user in
the governing equations section of the solid mechanics
interface in COMSOL Multiphysics software as:

F=I+(9,-1) S®S @

where the vi riable 9, is the growth multiplier and § is the sheet
vector, and I represents the identity tensor.

3. Validation

For wvalidation, isotropic growth and compressible Neo-
Hookean passive mechanics are used. Two types of
simulations are performed. In the first type, the new approach
presented in this study is used to define the growth equations
in COMSOL Multiphysics, and in the second type, the
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previous approach is utilized. The validation result is depicted
in Figure 2. As can be seen, the results of both approaches are
similar and the equations of finite growth kinematics are
correctly implemented in the COMSOL Multiphysics
software.
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Figure 2. Validation of the implementation of growth equations
in COMSOL Multiphysics using the approach of this study (a)
and the previous approach (b) (the color bar shows the growth
multiplier)

4. Results

As Figure 3 shows the growth of a cardiomyocyte that is
located at mid-apicobasal distance of the left ventricular
endocardium free wall, and the changes in the thickness of the
left ventricular free wall in normalized time are shown.
According to this figure, at the beginning of the simulation, the
cardiomyocyte did not grow because the Kirchhoff stress was
lower than the homeostatic stress. As the Kirchhoff stress
increases from the homeostatic stress, the growth multiplier
increases and sarcomeres are added in parallel and the
cardiomyocyte thickness increases. According to the way the
thickness of the wall changes, initially the thickness decreases
because the pressure is being applied to the endocardium, then,
despite that the applied pressure to the endocardium is still
increasing, the thickness of the wall increases instead of
decreasing. This indicates the beginning of growth in
myocardium wall. Until the time of 0.09, due to the low wall
stress, the amount of increase in thickness takes place at a low
speed, and after that time and with the increase of the wall
stress, the growth and as a result the wall thickness increases
at a faster rate. At the end of the simulation, the thickness of
the left ventricular free wall increased by 35%.
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Figure 3. Growth multiplier of a cardiomyocyte that is
located at mid-apicobasal distance of the left ventricular
endocardium free wall (a) and changes in the thickness of
the left ventricular free wall (b)

5. Conclusion

Since the multiplicative decomposition of the deformation
gradient tensor for growth modeling is computationally
complicated and it is difficult to implement it in finite element
software and requires coding or the use of secondary software.
In this study, an approach to implement finite growth
kinematic equations for diastolic heart failure by utilizing an
idealized biventricular geometry and defining tissue
microstructure using a mathematical method was presented in
COMSOL Multiphysics software, which does not require
coding and can be easily implemented in this software. The
results of concentric hypertrophic growth with Kirchhoff
stress as the growth stimulus were able to simulate the increase
in the thickness of the left ventricular free wall along with a
relatively constant size of the ventricles in diastolic heart
failure. These results showed that the presented approach can
correctly simulate the growth of the myocardium and can be
utilized in the future to simulate various heart diseases.
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Modeling and Simulation of Growth in Diastolic Heart Failure
Pezhman Namashiri  Akbar Allahverdizaden ~ Behnam Dadashzadeh

Abstract Heart failure is one of the cardiovascular diseases that causes changes in the structure of the heart and reduces
the output of the heart. This disease can be divided into two categories: diastolic and systolic heart failure. In diastolic
heart failure, the thickness of the ventricular walls increased and is associated with concentric hypertrophy. In this study,
concentric hypertrophy is considered to be caused by pressure overload, as a result of which, the number of sarcomeres
increases in parallel, and as a result, causes a relative increase in the transverse area of the cardiomyocytes. Continuum
equations of concentric hypertrophy by using an idealized biventricular geometry have been implemented in COMSOL
Multiphysics software, the approach presented for implementing the equations is completely new and has fundamental
advantages over the implementation of the previous approach, and does not require coding and can be easily implemented
in a finite element software. The results of the simulation showed that the thickness of the ventricular walls increases and
the volume of the ventricular chambers decreases. The mentioned results are consistent with the clinical observations of
the disease and shows that computational modeling can be used as a powerful tool to increase specialist’s knowledge of
diseases that have a high mortality rate.

Key Words Growth, Heart Diseases, Computational Modeling, Finite Element Method.
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