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Abstract

Introduction: The effect of a bare-metal stent on the
hemodynamics in the main branch of a coronary artery | =,
bifurcation with a particular type of stenosis was numerically | " \ T
investigated by the computational fluid dynamics (CFD).
Methods: Three-dimensional idealized geometry of
bifurcation was constructed in Catia modelling commercial |
software package. The Newtonian blood flow was assumed to | *
be incompressible and laminar. CED was utilized to calculate S
the shear stress and blood pressure distributions on the wall

of main branch. In order to do the numerical simulations, a
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commercial software package named as COMSOL Multiphysics 5.3 was employed. Two types of stent,
namely, one-part stent and two-part stent were applied to prevent the build-up and progression of the
atherosclerotic plaques in the main branch.

Results: A particular type of stenosis in the main branch was considered in this research. It occurred
before and after the side branch. Moreover, it was found that the main branch with an inserted one-part

stent had the smallest region with the wall shear stress (WSS) below 0.5 Pa which was the minimum WSS
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Introduction

Atherosclerosis is a leading cause of death in the developed
countries based on medical reports. It is a prevalent disease
of arteries in which the plaques are made up of the fatty
substances such as the cholesterol and triglyceride found
in the blood. Deposition of the mentioned substances on
the inner wall of an artery narrows its cross-section and
lowers the blood flow over the time. The consequent
disorder in the normal flow of oxygen and nutrient-rich
blood to some vital organs, for instance, the brain and
heart, results in the sudden death. Atherosclerosis is a
multifactorial disease. By identification of these factors,
it is attainable to diagnose the disease and then prevent
it from development. It is well addressed in the literature
that the hemodynamics and the geometry of arteries play
key roles in the formation of atherosclerotic plaques.
Hemodynamics is directly related to the blood and its
physical and dynamic characteristics. Age, sex, and
some chronic diseases such as the obesity, diabetes, and

in the main branch without the stenosis.
Conclusion: The use of a one-part stent in the main branch of a coronary artery bifurcation for the
aforementioned type of stenosis is recommended.

hypertension affect these characteristics and hence, the
probability of formation of atherosclerotic plaques. Males
compared to females, old people compared to young
ones, and people with aforementioned diseases compared
to healthy ones are more susceptible to experience the
atherosclerosis in their life. The role of arterial geometry
in the formation of atherosclerotic plaques is independent
unlike that of hemodynamics. Some arterial regions such
as the bifurcation and branching regions and also the
highly curved parts of arteries are favorable places for
plaques to build up since the shear stress on the inner wall
of arteries are lower there. These places in the coronary
arteries have greater potential for the formation of plaques
compared to ones in other arteries."* Having diagnosed a
coronary atherosclerosis by reviewing its medical history,
analyzing the results of usual blood tests, analyzing the
results of diagnostic tests such as the Electrocardiogram
and Echocardiogram tests, and CT scanning the heart, if
the disease cannot be treated by changing the lifestyle and
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taking the drugs, a particular treatment such as the bypass
surgery or the stent insertion is needed.”'* In the bypass
surgery, a graft is created to bypass a blocked or narrowed
coronary artery applying a vessel, cut from the other part
of body. Stent is a long and thin tube (catheter) which is
put into the narrowed part of a coronary artery. A wire
with a deflated balloon is crossed through the catheter
to the narrowed area and then, the balloon is inflated,
compressing the atherosclerotic plaques and keeping the
narrowed artery open.

Computational fluid dynamics (CFD) has become a
worthy tool to study the physical mechanisms which
govern the formation and progression of cardiovascular
atherosclerosis.”?* Knowing that the low or oscillatory
wall shear stress (WSS) in the bifurcation or branching
regions of coronary arteries or in the highly curved
parts of them is the main factor in the formation of
atherosclerotic plaques, Malve et al employed the CFD
to simulate the hemodynamics in the left main (LM)
coronary bifurcation. Its geometry was captured from the
CT scan images of patients without the atherosclerosis.
In their work, the WSS was calculated at two risky zones
of atherosclerosis, namely at the proximal left anterior
descending (LAD) artery and at the proximal left
circumflex (LC) artery, and at three sites with the high WSS
concentration close to the bifurcation. Via the utilization
of statistical analysis, they highlighted the relationship
between the WSS and the geometric factors and found
that the arterial tortuosity was crucial in detecting the sites
favorable for atherosclerosis to onset and progress there.
Liu et al via the CFD simulated the hemodynamics in
the right coronary artery (RCA) with its side branches to
find a relationship between the build-up and progression
of atherosclerotic plaques and the arterial curvature and
the angulation of side branches.?* Beier et al applied the
CFD to simulate the hemodynamics in the non-stented
and stented coronary arteries. They found that the
bifurcation angle had a minor influence on the onset and
progression of atherosclerosis in comparison with other
bifurcation characteristics and stent insertion.”® Chiastra
et al investigated the hemodynamics in a coronary artery
narrowed with a stenosis, by applying the CFD. In their
numerical investigation, the geometries of artery and
atherosclerotic plaques were derived from the CT scan
images and the Optical Coherence Tomography (OCT)
and constructed by SolidWorks modelling commercial
software package. To find the appropriate place for the
stent insertion, they did a structural analysis by Abaqus
commercial software package.*

This numerical study was conducted to investigate
the effect of a bare-metal stent on the hemodynamics
in the main branch of a coronary artery bifurcation for
a particular type of stenosis introduced previously by
Medina et al,” via the CFD based on the finite element
method.

Geometry modeling

The coronary artery bifurcation considered here had an
idealized geometry and its main and side branches had
respective diameters of 2.78 mm and 2.44 mm and its
bifurcation angel was 45°.%° A bare-metal stent which is
a mesh-like tube of the thin Platinum-Chromium wire,
namely Omega, having the specific characteristics was
used in this study.” Fig. 1 schematically shows the one-
part and two-part Omega stents. The three-dimensional
model of the bifurcation with the inserted stent was
created, employing the Catia modeling commercial
software package.

Governing equations and boundary conditions
Considering the blood as a Newtonian fluid,'** the
unsteady, laminar, three-dimensional, and incompressible
governing Navier-Stokes equations were as follows:
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Where x, y, z are the Cartesian coordinates, u, v, w are
the corresponding velocity components, p is the blood
pressure, ¢ is the time, and p and p are respectively the
density and dynamic viscosity of blood chosen as 1060 kg/
m’® and 0.0035 Pa.s in the present work.”” The assumption
of Newtonian blood was accurate since the arterial
diameters in the bifurcation were larger than 100 pm.*

Fig. 1. A schematic representation of the (A) one-part Omega stent
and (B) two-part Omega stent.
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The gravity had not notable impact on the simulations.
Hence, the body force term in these equations was
neglected. The blood flow with a constant velocity was
used at the inlet of main artery in the bifurcation. At each
time, this constant velocity was extracted from the cardiac
cycle illustrated in Fig. 2.'°% At the outlets of bifurcation,
the pressure outlet boundary condition was applied.*® The
arterial walls were supposed to be rigid and thus, the no-
slip boundary condition was used for them. The average
volumetric flow rate and the mean velocity of blood at the
inlet of main artery were respectively 60 mL/min and 0.13
m/s. Based on this mean velocity, the Reynolds number
of flow in the main artery was calculated as 103, so the
assumption of laminar flow in this study was acceptable. It
can be comprehended from Fig. 2 that the maximum and
minimum WSSs respectively belonged to t=0.6 s and t=0.1
s because at these times, the mean velocities of blood at the
inlet of main artery in the bifurcation were respectively
maximum and minimum.

Numerical simulation

The computational domain is meshed by COMSOL
Multiphysics 5.3 commercial software package. Four
various meshes having different densities of computational
cells, namely 121500, 137000, 164000, and 208 000 cells,
were generated to do the mesh sensitivity analysis. Figs. 3
and 4 are respectively, the pressure and wall shear stress
distributions along a specified symmetry line on the wall
of the main branch in the coronary artery bifurcation, at
the end of the cardiac cycle (t=0.903 s), for these meshes.
This specified line was marked by the red color in Fig. 5A.
It was observed that the increase in the number of cells did
not considerably affect the pressure and WSS distributions.
Hence, to reduce the computation time in the simulations,
the first mesh with 121500 cells was used in this study.
Fig. 5B represents this smooth unstructured mesh with
the clustered cells in the regions with the high gradients of
flow parameters. Fig. 6 shows a two-dimensional view of a
selected focused part of this mesh having an inserted one-
part Omega stent. The governing equations were solved
by the Galerkin’s Finite Element Method in COMSOL
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Fig. 2. Mean velocity of blood during a cardiac cycle, at the inlet of
main artery in the bifurcation.'®
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Fig. 3. Blood pressure distribution along the specified symmetry line
marked with the red color in Fig. 5A on the wall of the healthy main
branch (MB) of the coronary artery bifurcation, at t=0.903 s.
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Fig. 4. Wall shear stress (WSS) distribution along the specified
symmetry line marked with the red color in Fig. 5A on the wall of the
healthy main branch (MB) of the coronary artery bifurcation, at t=0.903
S.

Fig. 5. (A) Geometry and (B) mesh generated by COMSOL
Multiphysics 5.3 for the coronary artery bifurcation.
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Fig. 6. Two-dimensional view of a selected focused part of mesh
generated by COMSOL Multiphysics 5.3 for the coronary artery
bifurcation having a one-part Omega stent with the length of 12 mm.

Multiphysics 5.3. The WSS which is dependent on the
blood velocity, was defined as follows:
wss = u- (5)
on
Where V is the velocity of blood and # is the direction
normal to the blood flow direction

Results and Discussion

Low WSS played the main role in the formation and
progression of atherosclerotic plaques in the coronary
artery bifurcations. Via increasing the WSS, it was possible
to prevent the onset and development of atherosclerosis
in them.” In order to validate our numerical study, the
steady, two-dimensional, laminar, and fully developed
flow of the Newtonian blood in a rigid circular tube was
first simulated and the results were compared to that of
the experimental data.”’ The Reynolds number was 260.
Fig. 7 illustrates a good agreement between the velocity
profile within the tube obtained numerically and the
experimental data. After the validation test, the results
of our simulations of a coronary artery bifurcation were
presented. Figs. 8 and 9 depict the velocity contour of
blood and the WSS distribution along the red line (see
Fig. 5A) on the wall of the main branch of the healthy
coronary artery bifurcation.

Stent insertion in the narrowed coronary artery
bifurcation is an approach to increase the WSS. Two
options were possible to place a stent in the main branch
of a coronary artery bifurcation, having the stenosis before
and after the side branch, namely, a one-part stent or a
two-part stent, but it remained as a question which one
was preferable regarding to their impact on the WSS.
To answer this fundamental question, the numerical
simulations were conducted in this investigation. Figs.
10 and 11 respectively show the velocity contour of blood
in the bifurcation which has a one-part Omega stent and
a two-part Omega stent in its main branch, at t=0.587 s.
Fig. 12 depicts the WSS distributions along the red line
(see Fig. 5A) on the wall of main branch which has the
aforementioned stents, at t=0.587 s. By carefully focusing
on Fig. 12 comparing with Fig. 9, it is obviously observed
that the main branch has smaller regions with the WSS
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Fig. 7. Velocity profile of blood captured numerically inside a rigid tube
in comparison with the experimental data,®' (Re=260; a: the radius of
tube; u__: the maximum axial velocity).

max”

below 0.5 Pa, in the case of one-part Omega stent. 0.5
Pa is the minimum WSS in the main branch without the
stenosis.'** Hence, it was concluded that the application
of one-part Omega stent was preferable. The comparison
between Figs 10 and 11 and Fig. 8 shows that the stent
did not notably disturb the flow patterns except for the
regions near the stent where the little oscillations in the
flow patterns can be seen.

Figs. 13 to 15 respectively show the blood pressure
distributions along the red line (see Fig. 5A), at four
different times of the cardiac cycle. In Fig. 13, the main
branch does not have stenosis but in Figs. 14 and 15, it
has the stenosis and respectively, has a one-part Omega
stent and a two-part Omega stent. It is clearly seen that the
stent leads to a minor change in the pressure distributions

Fig. 8. Velocity contour of blood (in m/s) in the healthy coronary artery
bifurcation, at t=0.587 s.

Cardiac cycle duration: 0.903 s 1

WSS (Pa)
w

M8 length (mm)

Fig. 9. Wall shear stress (WSS) distribution along the red line (see Fig.
5A) on the wall of the main branch (MB) of the healthy coronary artery
bifurcation, at t=0.587 s.
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Fig. 10. Velocity contour of blood (in m/s) in the coronary artery
bifurcation with a one-part Omega stent in its main branch having the
stenosis before and after the side branch, at t=0.587 s.

Fig. 11. Velocity contour of blood (in m/s) in the coronary artery
bifurcation with a two-part Omega stent in its main branch having the
stenosis before and after the side branch, at t=0.587 s.
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Fig. 12. Wall Shear Stress (WSS) distribution along the red line (see
Fig. 5A) on the wall of the main branch (MB) of the coronary artery
bifurcation, having a one-part Omega stent or a two-part Omega stent,
at t=0.587 s.
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Fig. 13. Blood pressure distributions along the red line (see Fig. 5A) in
the case of healthy main branch, at four different times of the cardiac

cycle.
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Fig. 14. Blood pressure distributions along the red line (see Fig 5A) in
the case of main branch with a one-part Omega stent, at four different

times of the cardiac cycle.
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Fig. 15. Blood pressure distributions along the red line (see Fig 5A) in
the case of main branch with a two-part Omega stent, at four different
times of the cardiac cycle.
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Fig. 16. Blood pressure distribution along the red line (see Fig. 5A) in
the cases of main branch with a one-part Omega stent or a two-part
Omega stent, at t=0.587 s.

but it causes the discontinuities in them. Fig. 16 depicts
the blood pressure distribution along the red line, in
the presence of a one-part Omega stent or a two-part
Omega stent, at t=0.587s. It is seen that the main branch
experiences a greater pressure on its wall in the presence
of a one-part stent. This greater pressure has a positive
performance in keeping the narrowed main branch open.

Limitations
There were some limitations in this numerical research.

Biolmpacts, 2019, 9(2), 97-103 [101
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First, the geometry of coronary artery bifurcation was
considered to be idealized and was not constructed
from the patient-specific medical images. Second, the
atherosclerotic plaques were not considered in this
geometry. Third, the arterial walls were assumed to be
rigid. This assumption seems to be logical.’® In the end,
it should be noted that the stenting is a complex process
because the hemodynamics is greatly changed by the
arterial geometric characteristics, stent type, and stent
deployment. It means that the results of CFD simulations
should be analyzed in-vivo.

Conclusion

CFD simulations of a stented and non-stented healthy
coronary artery bifurcation for a particular type of
stenosis in its main branch were presented in this paper.
For the stenosis in the main branch occurred before and
after the side branch, both the one-part and two-part
Omega stents were modeled. Results including the WSS
and the blood pressure on the wall of the main branch and
the velocity contour in the bifurcation were obtained. It
was found that the one-part Omega stent provided the
smallest region on the wall of main branch with the shear
stress below 0.5 Pa (the minimum shear stress on the wall
of main branch without the stenosis). Therefore, this stent
is recommended to be used in the aforementioned type
of stenosis in the main branch of the coronary artery
bifurcation.
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