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Simulating Cardiac Function Using a Multiphysics Viscoelastic Biventricular Model
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ABSTRACT: Studying the behavior of the heart muscle is important to increase the knowledge and
understanding of this tissue. Modeling cardiac function is effective in improving treatment methods and
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can be utilized to evaluate invasive medical devices. In this study, an electromechanical model for the
biventricular structure of the heart has been developed, which includes electrophysiology, mechanics,
and ventricular pressure. The microstructure of the heart including fiber, sheet, and normal-to-sheet has

been defined to take into account the anisotropic properties of the cardiac muscle. Gap junction-based
method is used for the electrophysiology of the heart and myocardial activation is simulated through  Keywords:
the 1n‘clu51on of Purkinje fibers. Myocar(.hal mechan.lcs is considered V1s0f)elast1:c, and the modehng. of Ventricular Pressure
ventricular pressure has been expanded in order to include closed-loop circulation. Three consecutive
cardiac cycles have been simulated and evaluated. The results showed that the activation of the heart

starts from the endocardial wall and the excitation wave moves towards the epicardial wall. Furthermore,

Viscoelasticity
Heart Cycle

changes in blood flow and deformation of both ventricles occur simultaneously. The presented model ~— Biomechanics

reproduced the electrical response, activation time, left and right ventricular pressure-volume loops, and  Finite Element Method
isovolumetric contraction, ejection, isovolumetric relaxation, and filling phases for the healthy human

heart. The results of the model can be used in the future as a criterion to evaluate the behavior of a

healthy heart.

1- Introduction

Theheartisanorganthatencompasseselectrophysiological,
mechanical, and circulatory processes, and the combination
of these components ensures its proper function in pumping
blood throughout the body. Various heart models have
considered the properties of this tissue to be hyperelastic [1,
2]. Recent models of the heart have attempted to implement
viscoelastic properties using different approaches in
multiphysics models [3]. Namashiri et al. [4] developed an
electromechanical model with viscoelastic incorporation and
described ventricular pressure as dependent on blood flow.
Results showed that the mechanical response and ventricular
pressure of the viscoelastic model compared to the hyperelastic
case are more in agreement with the clinical observations.
Zhang et al. [5] presented an electromechanical model for
the left ventricle considering fractional viscoelasticity. They
confirmed the influence of viscoelasticity on the damping
of cardiac motion. However, the model was dependent
on a significant number of parameters. Furthermore, the
implementation of fractional viscoelasticity is considerably
complex.

Previous studies presented complex models for the heart
that are remarkably difficult to implement and solve, limiting
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the usability by other researchers [1, 5]. Therefore, providing
an electromechanical model that, despite being easy to
implement, can simulate the overall function of the heart, will
have a high potential for use in diagnostic and therapeutic
methods. In the present study, an electromechanical model
for the biventricular structure of the heart is presented.
The microstructure of the heart, including fiber, sheet, and
normal-to-sheet, is defined in the model to account for
the anisotropy of the cardiac muscle. Gap junction-based
electrophysiology is utilized, and Purkinje fibers have been
incorporated to stimulate the biventricular structure. The
approach for modeling ventricular pressure was adopted by
Namashiri et al. [4] and modified in order to be applicable
to Dbiventricular closed-loop circulation. The electrical
response and mechanical characteristics of the heart have
been evaluated, and using the approach adopted for modeling
ventricular pressure, phases of the cardiac cycle have been
simulated for the left and right ventricles.

Methodology

Cardiac microstructure including fiber, sheet, and
normal-to-sheet, are defined in COMSOL using two wall
distance interfaces and a curvilinear coordinate system for
the biventricular geometry. Myocardial fiber orientation is
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Fig. 1. Fiber orientation in the biventricular geometry Fig. 2. Activation time in the ventricles (color bar indi-
(Color bar indicates fiber angle in degrees) cates activation time in ms)

shown in Figure 1. Fiber angle changes linearly from -60 to

60 degrees at the epicardium to the endocardium [4]. Q =" g ="w_w g =—Tw _m
To describe the electrical response of the heart, a gap Ry R, R,
junction-based approach is used, and the conductivity tensor 0. = b.—F, 0 = 5t 0 = Lo —Fy
is defined in the material frame [1]: “ R, "™ R, " R, )
’Qv _Rp Pla ’Qmi _ ey
v "R, R,
ﬁw(Cm o o +zpr)=V~(rre,VVm) (1)
and the left and right ventricular pressures are calculated
i using Equations (5) and (6), respectively:
r(Cm%HmJ:V-(r—VVp] )
ot 2p,
B=o(V,-V,) 5)
where S, and C, are the surface-to-volume ratio
and the cardiac cell membrane capacitance, respectively. P = co(V,/ —Vw) 6)
The variables V', and V', represent the transmembrane
potentials of the myocardium and Purkinje fibers. i,, and
i, determine the electrical response in cardiac cells and where V, and V' are the volumes of the left and right
Purkinje fibers. ¢ , is the myocardial electrical conductivity ventricular chambers, which are calculated by the divergence
tensor which is defined in a way that the conductivity in the theorem. V', and ¥V, expresses blood volume which is
fiber, sheet, and normal-to-sheet direction is equal to the rate calculated based on the blood flows of the left and right
of 4:2:1, respectively. The variable r is the radius of the ventricles. The value of @ is 1000 mmHg per ml, so that
Purkinje fibers and p, is the intracellular resistivity of the V=V, andV, =V_[2]
Purkinje fibers. Results and Discussion
In the present model, the stress of the tissue is dependent The activation time of the ventricles is shown in Figure 2.
on the active part resulting from contraction and the passive The activation of both ventricles corresponds to the duration
part resulting from elastin and extracellular fluid within the of QRS wave, indicates ventricular depolarization. Based on
tissue as: clinical observations, this time is between 80 and 120 ms [6].
In this study, both ventricles are fully activated in 95 ms. The
last activated region was the base of the right ventricular free
S :( % N W, J+ S +S. 3) wall, which is qualitatively consistent with previous studies
O0E ©OE [1].
Figure 3 shows the pressure-volume loop of three
consecutive cardiac cycles, with the model reaching stability
where E is the Green-Lagrange strain tensor. S, and in the third cycle. The model was able to simulate the main
S e determines the viscoelastic stress and active tension of characteristics of the pressure-volume loop and recreate all
the myocardium. four phases of the cardiac cycle for both ventricles, including
In this study, modifications are made to the closed- the isovolumetric contraction, ejection, isovolumetric
loop circulation model of Bakir et al. [1] to describe the relaxation, and filling.
left and right ventricular circulation. The flow rate of each Figure 4 demonstrates transmembrane potential and
compartment of the heart is calculated as: displacement of the myocardium at 2250 ms of the third
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Fig. 3. Left (LV) and right (RV) ventricular pressure-
volume loops in three consecutive cardiac cycles (Cl1:
First cycle, C2: Second cycle, and C3: Third cycle)

cardiac cycle, which corresponds to the end of the ejection
phase. Due to the contraction, the apex moves toward the
base. Furthermore, the recovery of the model is in the opposite
direction of activation and starts from the epicardial surface.

Conclusion

In this study, an electromechanical model for the
biventricular structure of the heart was developed, which
used closed-loop blood circulation to reproduce cardiac
cycles, and the myocardial mechanics were described using
a viscoelastic material model. The modeling of ventricular
pressure was extended from previous studies to incorporate
closed-loop circulation. The electrical response of the
cardiac simulated the activation time of the ventricles, and
both ventricles experienced systole and diastole phases
simultaneously. Radial and tangential activation patterns
were observed in left and right ventricles, respectively. The
presented model simulated the overall cardiac response
including electrophysiology, activation time, and left and
right ventricular pressure-volume loops. In the future, the
results of this study can be used as a criterion to assess healthy
heart behavior.
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Fig. 3. Validation of myocardial transmembrane potential for the third cardiac cycle of the present study with
the study of Bakir et al. [5]
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Fig. 4. (a) Myocardial transmembrane potential in epicardial (Epi) and endocardial (Endo) surfaces, (b) Myo-
cardial transmembrane potential (Myocardium) and Purkinje fibers (Purkinje), (c) Active stress of the epicar-
dial (Epi) and endocardial (Endo) surfaces
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cates activation time in ms)
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First cycle, C2: Second cycle and C3: Third cycle)
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Fig. 8. Comparison of measured quantities from the blood circulation of the model with experimental data. (a)
Left and right ventricular pressures [49-52]. (b) Left and right ventricular volumes [48]
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Fig. 9. (First and third rows) Transmembrane potential. (Second and fourth rows) Magnitude of displacement

during the third cardiac cycle. Each segment represents the time of cardiac cycle in ms, and the gray edge is the
epicardial surface of the heart at the time of 2000 ms
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