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Arterial stenosis is the obstruction of normal blood flow that is caused by atherosclerosis. One of the endovascular
treatment procedures in this case is the implantation of a stent to restore the blood flow. This study presented an
improved numerical model that can precisely simulate the deformation of human arterial wall in coronary arteries,
during the stent deployment process. The new model considered the arterial wall as an incompressible, isotropic and
hyperelastic material. The material coefficients were defined according to experimental values presented in litera-
ture. The accuracy of the numerical model was investigated by comparing the results with follow up data obtained
in clinical examination. The small relative and standard deviation error prove that this numerical model can be used
to assist clinicians in decision making and treatment planning with reliable predictions of the outcome of the stent
deployment procedure.

Key words: stent expansion, prediction of shape, deformation, hyperelastic material model, stress-strain relationship,

finite element method

INTRODUCTION

Atherosclerosis is a progressive disease characterized
by the accumulation of lipids and fibrous elements in ar-
teries. Atherosclerotic plaques can cause significant local
changes of the vessels and obstruct blood flow. One of
the most common treatments of atherosclerotic plaque is
the implantation of a stent, that ensures that the anatomy
of the specific lesion is restored to allow normal blood
flow. Stent represents a small metal cylindrical device
that pushes the arterial wall outwards during its expan-
sion. During this process, the arterial wall suffers large
displacements and deformations, and these phenom-
ena, together with geometric nonlinearities, have to be
included in the numerical model that can simulate this
process.

Many authors in literature simulated the deployment of
the stent within coronary arteries [1-3]. One of the main
drawbacks of the cited numerical models is that they
use simplified geometry of the artery and don’t consider
the changes during the entire deployment process. The
study presented in [4] presents a numerical model that
simulates the entire stent deployment process using clin-
ical patient-specific geometrical data. However, in study
[4] the arterial wall is assumed to be linearly elastic and
the mechanical characteristics of the wall are considered
to be constant. In order to perform more realistic and
more accurate simulations, a choice of a more appro-
priate numerical model for the simulation of the behavior
of the human arterial wall is very important. In this pa-
per, a more complex numerical model is incorporated,
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that models the arterial wall as a hyperelastic material.
The material coefficients are taken from literature [5],
where the authors measured these coefficients experi-
mentally for human coronary arteries. The patient-spe-
cific clinical data is used to perform numerical simulation
of stent deployment using both the old simplified model
and the new model. The obtained results for both models
are compared. Furthermore, the advantages of the new
method are shown quantitatively through the comparison
of results with clinical follow up data.

NUMERICAL MODEL

The numerical model considers three segments: stent
expansion, interaction between stent and arterial wall
and the deformation of the arterial wall. In this study, the
stent expansion and between stent and arterial wall is
modelled in the same way like it was described in the
previous version of the numerical model [4]. The sim-
plex deformable model proposed by Larrabide et al. [6] is
used for modeling the stent expansion. The interpolation
of forces acting on each entity along the contact surface
is employed to simulate the interaction between stent
and arterial wall. This interpolation is perfomed using the
Dirac delta function [7].

Arterial wall consists of a mesh of nodes. The following
equation is used to model the motion of these nodes in
time:

t+1 t-1

X = x4 (1-7)-(xl - x)+ (1)
o E(x )+ B ()
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where coordinates of the i-th node are denoted by x;, and
upper indices t and t+1 denote the time step. The coef-
ficients a and B are weight coefficients that are used to
control the influence of internal and external forces. The
value of these coefficients is taken to be 0.018. The val-
ue of the damping parameter y is taken to be 0.5. These
values are defined according to data available in litera-
ture [8]. The external force f_, that causes the motion
of the nodes of the arterial wall is interpolated from the
surrounding stent nodes. On the other hand, the stent
and the external force cause a deformation that induc-
es an internal force f_ . This force represents the resis-
tance of the arterial wall to the deformation. The finite
element method is used to calculate this force as follows:

fy = [BodrV (2)
Vv

where the internal stress is denoted by & and the
matrix of derivatives of interpolation functions is denoted
by B. This matrix is defined for the particular finite ele-
ment considered in the simulation, in this case for the
tetrahedral element.

The deformations and displacements of nodes of arte-
rial wall are considered to be large and hence geomet-
ric nonlinearity was considered. The updated Lagrange
method was employed for modeling the behavior of the
arterial wall [9].

The relation between stress and deformation can be
defined using an appropriate constitutive relation (like
the linearly-elastic relation used in the previous version
of the numerical model of stent deployment [4]), or it
can be defined using some other material function. In
this study, the arterial wall is considered to be made
of an incompressible and isotropic material [10] and
hence the hyperelastic Mooney-Rivlin model is used
to model the behavior of the arterial wall. The hyper-
elastic material function can in this case be defined as:

W =C,(I, -3)+ C,, (1, -3)+

_ _ _ _ (3)
+C20([1 _3)2 +C]1(11 _3X]2 _3)+C02(]2 _3)2

This material function from Eq. (3) is used to determine
the equation that defines the relationship between stress
and strain, that is then inserted in Eq. (2). In Eq. (3) /,
and f2 represent the first and second invariants of the
Cauchy-Green strain tensor and the constants C, are the
material coefficients that should be defined for the partic-
ular material whose behavior is simulated. In this case,
the material coefficients for the healthy and atheroscle-
rotic coronary arteries are experimentally calculated in
literature [5]. These values are listed in Table 1 and are
used in this study to model the behavior of arterial wall
during stent deployment.

Since the clinical data for the specific patient that was
used in this study enabled only the extraction of geome-
try of the coronary artery, it is considered that the mate-
rial characteristics vary from the ones that are calculated
for healthy and atherosclerotic artery. Namely, for each
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element of the mesh, the diameter of the artery in that
particular segment is calculated. Based on this informa-
tion, a weight coefficient (with value varying between 0
and 1) is calculated that determines the exact material
coefficients for that particular element. If the weight coef-
ficient is closer to 1, it means that the particular element
belongs to the healthier tissue of the artery and vice ver-
sa. Fig.1 shows the weight coefficients for the particular
coronary artery that is used in simulations in this study.

Table 1: Hyperelastic material coefficients of the healthy
and atherosclerotic artery [5]

Coefficient | Healthy artery | Atherosclerotic artery
C,, [MPa] 2.101 0.666
o1 -2.091 0.087
o -92.125 -15.778
C, -58.245 -80.191
C, 145.826 107.893

1.0e+00

I

.— 0.0e+00

Figure 1: The weight coefficients of the arterial
elements, determining whether the element belongs to
fully healthy segment (value 1 on scale bar), fully
atherosclerotic segment (value 0 on scale bar), or
partially atherosclerotic segment

All the equations of all the three segments of the
numerical model are solved iteratively. The condition
to stop the simulation is to reach convergence. In this
case, the maximum absolute change of the non-dimen-
sional displacement of stent nodes is measured in each
time step. When this change is less than 103, the con-
vergence is considered to be reached. This value of the
convergence criteria is chosen in accordance with previ-
ous simulations presented in literature [9].
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RESULTS AND DISCUSSION

In this study, clinical data for a specific patient was ob-
tained through the SMARTool project, that is funded
under the European Programme Horizon 2020. The CT
angiography (CTA) examination was performed on a
clinical patient and included pre-operative and post-op-
erative (follow up) examination. The available clinical
data were CT scan DICOM images. The geometry of the
coronary artery is extracted using the commercial soft-
ware Mimics and the FEMAP software is then used to
generate the finite element tetrahedral meshes.

In this Section, the benefits obtained by the introduction
of the improved numerical model of the arterial wall will
be discussed along with the presentation of the results.

The shapes of the artery obtained in numerical simula-
tion of stent deployment are shown in Fig. 2. In Fig. 2A
the initial shape of the artery is shown, while Fig. 2B and
2C show the shape of the artery obtained after the stent
deployment simulation is performed. Fig. 2D shows the
shape of the artery obtained by extracting the available
follow up clinical CT scan images. As it can be observed,
the shape of the artery obtained using the new and im-
proved numerical model better resembles the results
from follow up clinical examination. This can be further
quantitatively proven by analyzing the areas of the lu-
men in specific cross sections. The blue and red lines
shown in Fig. 2 actually represent the cross sections of
the artery where the area of the lumen was calculated.
The obtained values of areas are shown in a graph that
plots these values for the chosen slices in Fig. 3. The
overall relative error of the areas obtained in simulation
using the previous version of the numerical model [4]
compared with the follow up data is 12.45%, while the
same overall relative error of the areas obtained in simu-
lation using the improved numerical model is only 4.41%.
The standard deviation error of the areas obtained using
the improved numerical model is 1.54% compared to the
follow up data.

A B

Figure 2: Results of the numerical simulation of stent
deployment;
A — initial shape of the artery;
B — shape of the artery after stent deployment using the
simplified numerical model;
C — shape of the artery after stent deployment using the
hyperelastic numerical model;
D — shape of the artery obtained at the follow up clinical
examination
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Figure 3: Values of area of the arterial lumen for the
slices depicted in Fig. 2, for several considered
moments— before and after stent deployment with old
and new improved numerical model and from follow up
examination

It is important to compare also other quantitative param-
eters that define the state of the arterial wall during and
after numerical simulation. The distribution of the force
that causes the deformation of the arterial wall, produced
by the stent is shown in Fig. 4. It should be noted that this
is the summed force for the whole simulation. From Fig.
4 it is possible to observe the differences of the results
obtained using the old simplified (Fig. 4A) [4] and the
new improved model (Fig. 4B). The values of the maxi-
mum force are very similar, hence the same scale bar is
chosen. But the maximum value using the new model is
obtained in the parts of the artery that are more bended,
which is more realistic and logical, since this part of the
artery must be subjected to higher forces in order to re-
store the shape that is closer to the original and obtain
better restoration of the normal blood flow. The von-Mis-
es stress in another parameter that can be calculated
based on the deformation of the arterial wall. The dis-
tribution of this quantity at the end of the simulation is
shown in Fig. 5. The scale bar is again the same, since
the maximum value of stress is similar. But the change of
the material model of arterial wall is even more obvious

A B

Figure 4: Distribution of the force that causes the
deformation of the arterial wall;
A — simulation using the simplified numerical model;
B —simulation using the hyperelastic numerical model;
units on the scale bar are in mN
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Figure 5: Distribution of the von-Mises stress,
calculated based on the deformation of the arterial wall;
A — simulation using the simplified numerical model;
B —simulation using the hyperelastic numerical model;
units on the scale bar are in kPa

in this case, since the maximum value of stress is now lo-
cated not only in the central, atherosclerotic part, where
the most deformation occurs, but also in the healthy part
of the artery, that opposes the deformation more intense-
ly due to the different values of material coefficients. That
is the main reason why the stent does not change signifi-
cantly the shape of the healthy part of the artery in the
new model, compared to the old model.

It should be noted that this numerical model is imple-
mented in a software that takes benefits of the par-
allelization using GPU devices (Graphics Processing
Units). More precisely, all the calculations are performed
on the graphics card of the computer and this enables
the simulations to run really fast. The simulation present-
ed in this paper, with the old simplified model is execut-
ed approximately 30 seconds, while the simulation with
the new improved model runs approximately 34 seconds
on a PC computer with NVIDIA GeForce RTX 2080 Ti
graphics card. This increase of execution time is not that
significant, having in mind the benefits obtained in terms
of accuracy of the simulation results.

CONCLUSIONS

The numerical simulation of the stent deployment pro-
cess was already presented in literature [4]. This study
presents an improvement of this numerical model, with
a more realistic representation of the arterial wall as an
incompressible, isotropic and hyperelastic material. The
patient-specific geometrical model was used for the stent
deployment simulation. The obtained results are validat-
ed against clinical data from the follow up examination
by comparing the areas of the lumen along the coro-
nary artery. The benefits of the improved model are also
demonstrated through the comparison of results with the
results obtained using the previous simplified version of
the numerical model. The small relative and standard de-
viation error, obtained for the areas of the lumen, prove
that this numerical model can be used to assist clinicians
in decision making and treatment planning with reliable
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predictions of the outcome of the stent deployment pro-
cedure.
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