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Abstract

Advances in computational modeling of the cardiac
function have allowed increasingly realistic simulations
and studies closer to clinical applications, such as per-
sonalized simulations. In these simulations, data from the
patient’s medical exams are used to build a personalized
cardiac model that can be used for virtual testing, with the
aim of providing more information about the patient for
clinical decision-making. The present work performs sim-
ulations of cardiac electromechanical activity using a ge-
ometry of the heart that was reconstructed from magnetic
resonance images of a patient with dilated cardiomyopa-
thy. In addition, the model parameters were adjusted so
that the results corresponded to the patient’s ejection frac-
tion. Measurements of pressure, volume, stress, and strain
throughout the cardiac cycle are reported, showing the in-
fluence of the existence of fibrosis on cardiac mechanics.

1. Introduction

Advances in computational modeling of cardiac func-
tion have allowed for more realistic simulations and stud-
ies closer to clinical applications. Researchers in this
area have sought to develop faster simulators using ef-
ficient numerical methods and parallel implementations,
which enabled studies regarding the reliability of models
through uncertainty quantification [1] and sensitivity anal-
yses [2], parameter estimation [3] and personalized simu-
lations [4, 5].

In personalized simulations, data from medical ex-
ams, such as electrocardiogram, echocardiography or mag-
netic resonance imaging are used to create a personalized
model [6] that allows virtual testing with the aim of con-
tributing to clinical decision-making.

In the context of patients with dilated cardiomyopathy
(DCM), for example, the diagnosis is based primarily on
the patient’s left ventricular ejection fraction. DCM is
a myocardial disorder characterized by chamber enlarge-

ment and impaired contractility, which may be triggered by
myocarditis [7]. Furthermore, deciding whether a patient
requires an implantable cardioverter defibrillator demands
invasive tests such as electrophysiological studies. There-
fore, computational models emerge as a tool that can offer
support for decision-making while reducing the number of
invasive procedures that the patient needs to undergo.

In this sense, this work presents a personalized simula-
tion for a patient with dilated cardiomyopathy, showing the
influence of fibrosis on mechanical quantities of the ven-
tricles. This simulation is capable of assessing information
on cardiac function in a non-invasive manner, providing
additional information for healthcare professionals.

2. Methods

2.1. Patient report

This study is based on data from a 79-year-old female
patient under follow-up at the cardiology outpatient clinic
of the University Hospital of the Federal University of Juiz
de Fora. Magnetic resonance imaging revealed severe di-
lated cardiomyopathy with ventricular dysfunction and an
ejection fraction of 21%. Late enhancement sequences
showed regions of moderate subepicardial fibrosis in the
septal, basal-medial, and inferior-medial regions.

2.2. Cardiac mechanics

The deformation of cardiac tissue is described by the
following equilibrium equation:

∇ · (FS) = 0, in Ω0, (1)

where F is the deformation gradient tensor, S is the second
Piola-Kirchhoff stress tensor, and Ω0 is the undeformed
configuration. Given the boundary conditions and applied
loads, the equation is solved to find the displacement field.

Tissue contraction is considered through a decomposi-
tion of the stress tensor into a passive and an active part:
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S = Sp + Sa, where the passive part Sp is obtained from
the strain energy function Ψ as Sp = ∂Ψ

∂E , where E repre-
sents the Green-Lagrange strain tensor.

The active part represents tissue contraction due to an
active force generated at the cellular level. The active
stress is assumed to be anisotropic and applied in the fiber
direction as: Sa = TrefTaf0 ⊗ f0, where Ta is a nor-
malized active stress generated by a cellular model, Tref

is a scaling constant of the active stress, and f0 is the unit
vector that defines the fiber direction in the undeformed
configuration.

The passive behavior of cardiac tissue was represented
by the transversely isotropic model proposed by Guccione
et. al [8], with strain energy function given by
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where J = det(F), Eij are the components of the Green-
Lagrange strain tensor, C is a stress-scaling parameter,
while bf , bt, and bfs are parameters related to stiffness
in the fiber direction, perpendicular to the fiber, and shear
parallel to the fibers, respectively. The parameter κ con-
trols the tissue compressibility.

The active tension developed in a cardiac cell was repre-
sented by an arrangement of a contractile element in series
with an elastic element [9]. It can be written in terms of
the time since cell depolarization ta, the sarcomere length
ls, and a contractile element of length lc:

Ta =
ls
ls0

fiso(lc)ftwitch(ta, ls)Ea(ls − lc), (3)

where ls0 is the reference sarcomere length and Ea is the
stiffness of the elastic element. The function fiso describes
the isometric tension, while the function ftwitch represents
the relationship of the tension in the fiber to ta and ls. The
size of the contractile element varies as follows:

dlc
dt

= v0(Ea(ls − lc)− 1), (4)

where v0 is the sarcomere shortening velocity [9]. Fig-
ure 1(e) presents the active tension curve used in this work.

During the cardiac cycle, the surface of the ventricular
endocardium is subjected to dynamic loading due to the
time-varying pressure exerted by the blood in the cham-
bers. This pressure in the ventricles was represented by the
lumped parameter model described in [10]. The solution
of this model gives the left ventricle volume, which can
be used to find the pressure to be applied to the ventricu-
lar endocardium at each time instant. Figure 1(d) presents
an example of a time-varying pressure applied to the left
ventricular endocardium.

2.3. Numerical solution

The finite element method is applied to the problem
using a variational formulation presented in [11], which
considers the displacement field, pressure, and dilation as
unknowns. The domain is discretized into tetrahedral el-
ements with linear approximations for the displacements
and constant approximations for the pressure and dilation.
The pressure and dilation variables are solved at the ele-
ment level using the static condensation procedure, which
results in a nonlinear system in terms of displacement field.
This problem is solved using Newton’s method, in which
at each iteration a linear system is solved using the LU de-
composition method through the PETSc library [12].

2.4. Geometry

The patient’s computational biventricular geometry was
obtained by segmenting medical magnetic resonance im-
ages using the Segment software. The borders of the epi-
cardium and endocardium of the left and right ventricles
are segmented in each image of the series. The fibrosis
identified in the cardiac tissue was also marked and con-
sidered in the geometry.

The segmented images are then used as input to a script1

that generates the surfaces of the patient’s biventricular
geometry. These surfaces are then used to generate the
tetrahedral finite element mesh using Gmsh, shown in Fig-
ure 1(a). The Laplace-Dirichlet rule-based algorithm was
used to approximate the fiber orientation, which is shown
in Figure 1(b).

2.5. Computational experiments

Two simulations of a full cardiac cycle were performed
considering the presented biventricular geometry. The C
parameter of the constitutive model and the Tref param-
eter of the active tension were adjusted to reproduce the
left ventricular volume at end-diastole and end-systole of
the patient and, consequently, the patient’s ejection frac-
tion was also adjusted. The following parameters of the
constitutive model were used: C = 0.6 kPa, bf = 6.6,
bt = 4.0, bfs = 2.6, κ = 300 kPa, and Tref = 90 kPa.
The parameters used in the circulatory model are the re-
ported in [1].

The first simulation assumes the same properties
throughout the tissue, while the second assumes that the
fibrotic region has different characteristics. In this case,
the tissue stiffness in the fibrotic region was assumed to be
10× greater, resulting in C = 6 kPa, and the contractility
of this region is assumed to be zero Tref = 0, as proposed
in [13]. The simulation results are compared in terms of
longitudinal strain and fiber stress measurements.

1https://github.com/FISIOCOMP-UFJF/MyoMesh
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Figure 1. (a) Geometry reconstructed from medical images, with fibrosis marked in red. (b) Fiber orientation used. (c)
Mesh parcelation according AHA segments used to compute stress and strain measurements. (d) Pressure applied to the
left ventricular endocardium. (e) Active stress applied to each element of the domain.

As boundary conditions, zero displacement was im-
posed at nodes on the basal plane of the geometry. Fur-
thermore, at each time step, a pressure value is applied to
the surface of the left ventricular endocardium, as shown
in Figure 1(d), and 20% of this pressure is applied to the
endocardium surface of the right ventricle. The active ten-
sion shown in Figure 1(e) is applied to all elements at the
same time instant, without considering the heterogeneity
in cell activation throughout the cardiac cycle.

3. Results

The results of the two simulations performed are com-
pared using pressure, volume, stress, and strain measure-
ments. The simulation that assumes the same properties
for the entire tissue do not consider the presence of fibro-
sis, while the case with fibrosis assumes different proper-
ties between healthy and fibrotic tissue.

Figure 2 presents the pressure-volume curve of the left
ventricle for both simulations. The parameters of the sim-
ulation with fibrosis were adjusted to match the patient’s
data, which has an end-diastolic volume of EDV = 251
ml and an end-systolic volume of ESV = 199 ml, re-
sulting in an ejection fraction EF = 21%. For the case
without fibrosis, it can be seen that the EDV increased
and ESV decreased significantly, when compared to the
fibrotic case with higher tissue stiffness and impaired con-
tractility in the fibrotic region.

Longitudinal strain and fiber stress measurements were
extracted throughout the cardiac cycle for segments of the
mesh representing the basal segments of the American
Heart Association (AHA) diagram, which can be observed
in Figure 1(c). It can be seen in Figure 3 that the longitudi-
nal strain magnitude throughout the cardiac cycle is signif-
icantly greater in the case without fibrosis. The curves are
more synchronized in this case, as the contraction is ho-
mogeneous, and the negative peak is greater than the case
with fibrosis, because all elements are able to contract. In
the case with fibrosis, it is possible to see more dispersion
in contraction, where the segments 3 and 4 presented low

contraction, which is justified by the amount of fibrosis in
these segments.

The fibrosis also impacts the fiber stress, where magni-
tude values decrease in this case, as shown in Figure 4. The
reduction was greater in segments with more fibrosis than
in segments where there is no fibrosis.
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Figure 2. Pressure-volume relationship extracted through-
out the cardiac cycle for the simulation considering homo-
geneous tissue (No Fibrosis) and for tissue with different
properties for the fibrotic region (Fibrosis).

0 100 200 300 400 500 600

Time (ms)

0.15

0.10

0.05

0.00

0.05

0.10

0.15

0.20

S
tr

a
in

 V
a
lu

e

longitudinal strain without fibrosis

0 100 200 300 400 500 600

Time (ms)

0.15

0.10

0.05

0.00

0.05

0.10

0.15

0.20

S
tr

a
in

 V
a
lu

e

longitudinal strain with fibrosis
aha1

aha2

aha3

aha4

aha5

aha6

Figure 3. Longitudinal strain during the cardiac cycle for
the six basal AHA segments of the left ventricle for the
cases without and with fibrosis.

4. Conclusion

This study presented personalized simulations for a pa-
tient with dilated cardiomyopathy, where the presence of
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Figure 4. Fiber stress during the cardiac cycle for the six
basal AHA segments of the left ventricle.

tissue fibrosis was evidenced by a decrease in the magni-
tude of tissue strain and fiber stress.

This approach demonstrates that personalized models
can be used to assess conditions related to dilated car-
diomyopathy through non-invasive procedures that can
quantify ventricular dysfunction. Furthermore, new mea-
surements, such as stress, which are difficult to obtain in
medical examinations, can be calculated and used as mark-
ers for clinical decision-making.

Future work aims to calibrate the simulations so that the
strain results correspond to the strain values obtained from
the patient’s echocardiography. This will then allow study-
ing how markers computed from the model, such as stress,
can aid in risk stratification for heart failure.
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