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Abstract
In this study, a three-dimensional analysis of the non-Newtonian blood flow was carried out in the left coronary bifurcation.
The Casson model and hyperelastic and rigid models were used as the constitutive equation for blood flow and vessel wall
model, respectively. Physiological conditions were considered first normal and then compliant with hypertension disease with
the aim of evaluating hemodynamic parameters and a better understanding of the onset and progression of atherosclerosis
plaques in the coronary artery bifurcation. Two-way fluid–structure interaction method applying a fully implicit second-order
backward Euler differencing scheme has been used which is performed in the commercial code ANSYS and ANSYS CFX
(version 15.0). When artery deformations and blood pressure are associated, arbitrary Lagrangian–Eulerian formulation is
employed to calculate the artery domain response using the temporal blood response. As a result of bifurcation, noticeable
velocity reduction and backflow formation decrease shear stress and made it oscillatory at the starting point of the LCx branch
which caused the shear stress to be less than 1 and 2 Pa in the LCx and the LAD branches, respectively. Oscillatory shear
index (OSI) as a hemodynamic parameter represents the increase in residence time and oscillatory wall shear stress. Because
of using the ideal 3D geometry and realistic physiological conditions, the values obtained for shear stress are more accurate
than the previous studies. Comparing the results of this study with previous clinical investigations shows that the regions with
low wall shear stress less than 1.20 Pa and with high OSI value more than 0.3 are in more potential risk to the atherosclerosis
plaque development, especially in the posterior after the bifurcation.

Keywords Left coronary bifurcation · Casson model · Hypertension disease · Fluid–structure interaction

1 Introduction

Increasing cardiovascular disease has led many researchers
to consider investigating the flow of blood through the arter-
ies over the past few decades. An important hemodynamic
parameter in determining the location and progress of the
cardiovascular disease is wall shear stress (Chaichana et al.
2011; Malvè et al. 2015). This parameter could be obtained
by analyzing the variations of the flow in the vicinity of the
wall. There are some methods to estimate coronary artery
blood flow in vivo which captures speed profiles in the right
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and left coronary arteries using imaging methods (Johnson
et al. 2008; Malvè et al. 2015). It is possible to measure
the local position of the plaques, where the minimum wall
shear stress occurs, by employing noninvasive methods and
simulating computational fluid dynamics (CFD) (Stone et al.
2003). Studies indicated that critical shear stress is associated
with the development of arteriosclerosis and hypertension
in the areas of coronary artery bifurcation (Chaichana et al.
2013; Eshtehardi et al. 2012; Abbas Nejad et al. 2018; Hiroki
et al. 2002; Sun and Cao 2011).

Yin et al. (2011) figured out that when coronary artery
endothelial cells are exposed to high shear stress, they tend
to be stretched and get aligned with the direction of flow.
However, endothelial cells are circularly arranged at lower
and oscillating wall shear stress and this will increase a per-
meability of the blood transmitted particles to the endothelial
layers (Chatzizisis et al. 2008; Goubergrits et al. 2008). Far-
makis et al. (2004) showed that in places of the coronary
artery that has the lower amount of shear stress in endothe-
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lial cells, causes growth and development of atherosclerotic
plaques. Chatzizisis et al. (2008) pointed out the importance
of shear stress changes on the wall and its oscillation in
endothelial cells in coronary arteries.

Coronary bifurcation can lead to significant flow distur-
bances due to convective inertia. These disturbed flows affect
various hemodynamic parameters, such as oscillatory shear
index (Himburg et al. 2004; Huo et al. 2007). Areas exposed
to low shear stress have high OSI values and are more at
risk for the accumulation of atherosclerotic plaques (Dabagh
et al. 2013; Dong et al. 2013). However, the level of activ-
ity of endothelial cells increases in the areas with high shear
stress and persuadeswall remodeling to abandon degradation
of the internal elastic lamina (Liu et al. 2016; Yin et al. 2011).
Previous studies have examined the rigid wall and have not
considered the tensile properties of the wall in the left coro-
nary bifurcation (Chaichana et al. 2013; Malvè et al. 2015).
However, the resilient wall influences on the endothelial cells
(Cebral et al. 2002; Lee and Xu 2002).

The fluid–structure interaction (FSI) simultaneously sim-
ulates the blood flow effects and arterial wall deformation.
Torii et al. (2009) observed a significant difference in instan-
taneous WSS in rigid and FSI models by examining stenosis
flow in the right coronary artery. Huo et al. (2009) obtained
the effects of vessel compliance in an animal model of coro-
nary arteries using in vivo measurement and FSI analysis.
The studies in the bifurcation of the arteries show that the
time-averaged WSS gradient value in the FSI model was
always smaller than the rigid model (Dong et al. 2015; Tada
and Tarbell 2005).

Studies declared that hypertension, enlargement of
smooth muscle cells and increased pulse pressure lead to
hardening and rigidity of the wall, as well as the prolif-
eration and production of additional cells. Consequently,
structural and mechanical disturbances which cause reduced
stiffness and contraction of the arteries are themain attributes
of hypertension disease (Arribas et al. 2006; Coogan et al.
2013; Laurent et al. 2005; Matsumoto and Hayashi 1994).
Iasiello et al. (2016) observed increased and accumulated
low-density lipoprotein (LDL) in vessels with hypertension.
Also, wall displacement is significantly influenced by hyper-
tension regardless of disease type and the authors believed
that hypertension is a risk factor based on the exhibited FSI
results (Lee et al. 2013). Tripathi and Bég (2014) examined
the transportation of rheological viscoplastic fluids through
physiological vessels by peristalsis. They compared pressure
distribution, velocity profiles, friction force and mechanical
performance for different viscoplastic liquids. Therefore, the
Casson model was considered to provide a relatively precise
description of the shear stress–strain specifications of actual
biological liquids (Akbar et al. 2016).

In this study, a three-dimensional analysis of the blood
flowwas carried out using numerical methods of fluid–struc-

ture interaction in the bifurcation of the left coronary artery.
The wall models were considered rigid and flexible. Bound-
ary conditions were considered normal and associated with
hypertension disease. Hence, a better understanding of the
onset and progression of atherosclerotic plaques occurs by
comparing normal and abnormal models in the coronary
artery bifurcation. Since the wall shear stress in the time
unit solely does not exhibit high risk areas, the oscillatory
shear index changes in arterial regions were investigated by
modeling the left coronary artery bifurcation with a resilient
wall and applying normal and abnormal conditions.

2 Method of simulation

2.1 Geometry andmeshmodel

Laboratorymeasurements have already been performed from
special sections of the chest to determine the position of coro-
nary arteries on the normal human heart (Dodge et al. 1988;
Steigner et al. 2009). Researchers have provided accurate
information on the anatomical status of coronary arteries.
This information was obtained from 83 arteriograms from
among 9160 consecutive studies that indicated freedom from
atherosclerotic disease and consisted of 23 sections of coro-
nary artery, which are commonly used to describe the clinical
features of coronary artery disease (Dodge et al. 1992). Each
segment or branch is defined by several points during its
direction. Each point in the polar coordinates was deter-
mined as the radial distance from the coronary entrance and
the angle of the patient in the radiographic system. Finally,
the points obtained for each part entered a computer-assisted
design (CAD) program and the left coronary artery was con-
structed. The diameters obtained in each section of the left
coronary artery are reported in Table 1.

The angiographic information usedwas related to the end-
diastole, so in computational fluid dynamics calculations,
the boundary conditions information is appropriated for the

Table 1 Lumen diameters
obtained for different parts of
the left coronary arteriogram
information

Left coronary
artery
dominant

Lumen
diameters
(mm)

LM 1 4.6

LM 2 4.6

LM 3 4.5

LAD 1 3.9

LAD 2 3.8

LAD 3 3.7

LCx 1 4

LCx 2 3.9

LCx 3 3.8

LCx 4 3.6
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Fig. 1 The three-dimensional geometry with the meshing for the fluid and solid

beginning of the systole phase. This model includes the left
main coronary arteries (LM), the left anterior descending
(LAD) and the left circumflex artery (LCx).

For coronary artery bifurcation model, both fluid and
structural domains havemeshed into triangular elementswith
the reduced combination, which are mostly used to increase
the computing performance andnumerical convergence asso-
ciated with large deformation, particularly for soft tissues
(Zhao et al. 2012). A division flow location grid refinement
was imposed on each model to provide better resolution for
branch location quantities. The three-dimensional geometry
obtained from arteriogram information along with the mesh
for the solid domain of the left coronary artery is shown in
Fig. 1.

2.2 Blood flowmodel

Blood flow in coronary arteries was assumed to be a three-
dimensional, time-dependent, isothermal, incompressible,
non-Newtonian and laminar flow. The Navier–Stokes equa-
tion for this fluid flow is defined as the continuity and the
momentum equation as follows (Torii et al. 2007; Norouzi
et al. 2018):

∂ui
∂xi

� 0 (1a)

ρ f

(
∂ui
∂t

+ u j
∂ui
∂xi

)
� ∂σi j

∂x j
+ si (1b)

where t is the time, ui and σ ij are the components of the
velocity vector and stress tensor, respectively, si is the com-
ponent of the momentum source, and ρf is blood density
that is assumed to be 1060 kg/m3. The stress tensor com-

ponents are defined as the following equation (Lee and Xu
2002; Yahya 2010):

σi j � −Pδi j + 2η f di j (2a)

di j � 1

2

(
∂ui
∂x j

+
∂u j

∂xi

)
(2b)

where P and ηf are the pressure and viscosity of the fluid,
respectively, δij is the Kronecker delta, and dij is the defor-
mation rate tensor. Blood flow exhibits the non-Newtonian
behavior for the shear rate less than 100 s−1. Casson model
is comparatively simple but provide a relatively precise
description of the shear stress–strain specifications of actual
biological liquids (Akbar et al. 2016). Therefore, for the
blood rheology, the Casson model is employed, which can
be expressed as follows (Fung 2013; Johnston et al. 2006):

η f (γ̇ ) �
[(

η∞γ̇

2

)1/2

+ 2−1/2τ
1/2
y

]2
2

γ̇

η∞ � η0(1 − HCT )−α, η0 � 0.0012 Pa s

τy � 0.1(0.625HCT )3

HCT � 0.37 (3)

where η∞ and η0 are blood viscosity in infinite and zero
shear rates, respectively. Also, γ̇ is the generalized shear
rate, HCT is a fractional amount of red blood cells that called
hematocrit, and τ y is yield stress. For human blood, α is 2
and this parameter is obtained using rheological data at the
temperature of 37 °C (Das et al. 2000).
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2.3 Vessel wall model

The governing equations for the motion of an elastic wall
are mathematically defined by the following equation (Torii
et al. 2007; Vamerzani et al. 2014):

ρw

∂2εi j

∂t2
� ∂σi j

∂x j
+ ρwFi (4)

where εi j and σi j are the displacement and stress tensor com-
ponents in the wall, respectively. ρw is the wall density that is
assumed to be 1120 kg/m3, Fi is the body force components
that act on the wall, and σi j can be evaluated from the con-
stitutive equation of the solid material (Chiastra et al. 2016).
Wall material deformation is produced as a result of flow, and
according to the law of conservation of energy, the energy
will store inside the material. Strain energy density function
W can be used to measure the energy stored in the material
as a result of deformation that can be written as (Cheema and
Park 2013):

Si j � ∂W

∂εi j
� 2

∂W

∂ci j
(5)

where Si j is the second Piola–Kirchhoff stress tensor, 2ij and
ci j are the Green–Lagrange strain tensor and right Cauchy—
Green deformation tensor, respectively. The coronary wall
was modeled using a hyperelastic material model called
nine parameters Mooney–Rivlin. A hyperelastic material is
described as a material that has a conjugate stress component
by modifying its elastic potential function with a deforma-
tion or strain component. The function of a Mooney–Rivlin
material can be written as (Koshiba et al. 2007):

W � C1
(
Ī1 − 3

)
+ C2

(
Ī2 − 3

)
+ C3

(
Ī1 − 3

)2
+ C4

(
Ī1 − 3

)(
Ī2 − 3

)
+ C5

(
Ī2 − 3

)2
+ C6

(
Ī1 − 3

)3
+ C7

(
Ī1 − 3

)2(
Ī2 − 3

)
+ C8

(
Ī1 − 3

)(
Ī2 − 3

)2
+ C9

(
Ī2 − 3

)3
+
1

d
(J − 1)2 (6)

where C1–9 are so-called Mooney–Rivlin constants, d is
material incompressibility parameter, J is the ratio of the
deformed elastic volume to the inconvertible volume; Ī1 �
I1/I

1/3
3 and Ī2 � I2/I

2/3
3 are first and second deviatoric

strain invariant, respectively. If the principal stretches of the
material are denoted λ1, λ2 and λ3 can be written as the strain
definitions for the substance as follows (Karimi et al. 2014):

Ī1 � λ21 + λ22 + λ23 (7a)

Ī2 � λ21λ
2
2 + λ21λ

2
3 + λ22λ

2
3 (7b)

Ī3 � λ21λ
2
2λ

2
3 (7c)

The inner walls of the arteriole that are in direct contact
with the blood take the load and the total stress distribution
was computed during fluid dynamic analysis. Arterial tis-
sue in the present study supposed incompressible. In other
words, the third deviatory strain is unchangeable ( Ī3 � 1).
The Mooney–Rivlin constants for the healthy human coro-
nary arteries which were obtained from the experimental test
on coronary arteries areC1 �0.070,C3 �3.2,C7 �0.07160
and Ci=0.0 (i=2, 4, 5, 6, 8 and 9) MPa and d � 10−5 Pa−1

(Koshiba et al. 2007).

2.4 Boundary conditions

In this study, the three-dimensional geometry of the left
coronary artery was regarded. Blood was also considered
as a non-Newtonian fluid and interacts with the hyperelas-
tic homogeneous artery. The pulsatile coronary pressure was
applied as an inlet boundary condition at the entrance of LM,
and pulsatile velocity was assumed on both the LAD and the
LCx outlet boundaries. The volumetric flow was obtained
using the Murray low of discharge at each outlet because it
is associated with the inlet of the clinical data of the coro-
nary arteries. This law articulates that the optional radius of a
blood vessel is proportional to vessel flow to the third power
(Murasato et al. 2010; Murray 1926). Blood flow in the coro-
nary artery is guided by a combination of aortic pressure and
downstream coronary artery resistance. However, during the
systole, distal coronary artery resistance increases signifi-
cantly as a result of increased myocardial pressure due to
cardiac contraction. The myocardial pressure depends on the
aorta flow and ventricular pressure. Hence, there is an inter-
action between the boundary conditions in the aortic and
coronary flow (Coogan et al. 2013; Sengupta et al. 2012).
The inlet and outlet boundary conditions are shown in Fig. 2,
and they are based on a physiological pulsatile flow rate and
pressure at the coronary for normal and hypertension models
(Nichols et al. 2011; Wiwatanapataphee et al. 2012).

The heartbeat causes effects on the flow of the vessels, so
there are accurate data on the movement of the heart (Xavier
et al. 2012). Coronary artery on the heart is affected by this
movement. Studies have been made using a modified phase-
based optical flowmethod that estimates themotion of a local
myocardial. The estimated speedwas calculated in 11healthy
subjects in peak systole and diastole. The peak systole and
diastole velocity appear at 27 and 66% of the cardiac cycle,
respectively. Considering the position of the left coronary
artery, the effects of the movement of the heart wall on the
vessels were considered along with the anterior, lateral and
septum axis. Figure 3 presents the evolution of the radial
velocity of the septal, lateral and anterior segments on the
short-axis orientations along the entire cardiac cycle.
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Fig. 2 Pulsatile blood flow waves used in this study for normal and
hypertension models
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Fig. 3 Velocity curves along the cardiac cycle expressed at the septal,
lateral and anterior segments of normal heart examination

2.5 Definition of oscillatory shear index

Ku et al. (1985) found an influential relationship between
plaque location and oscillating shear stress, showing that

marked oscillations in the direction of wall shear may
advance atherogenesis. Consequently, they put forward the
concept of the oscillatory shear index to quantify the oscilla-
tory nature of WSS. The modified definition of OSI is given
as (He and Ku 1996; Ku et al. 1985):

OSI � 0.5 ×
(
1 −

∣∣∫T
0 τ̄ · dt∣∣

∫T
0 |τ̄ | · dt

)
(8)

where T is the time period of a cardiac cycle and τ̄ is theWSS
vector. This definition takes into account not only the reverse
(180°) direction but also any direction changes (0°–180°) of
the WSS in three-dimensional space. The OSI value varies
between 0 and 0.5, where 0 corresponds to the regions expe-
riencing no backward flow, and 0.5 is for the case of fully
oscillatory flow without net forward flow.

2.6 Numerical method

A two-way fluid–structure interaction simulation of blood
flow in coronary artery bifurcation models is conducted
using a fully implicit second-order backward Euler differ-
encing scheme by the commercial computational software
ANSYS Workbench (ANSYS Inc.). The fully coupled FSI
models were solved in ANSYS CFX and ANSYS Mechan-
ical. ANSYS CFX is finite-volume-based software for fluid
mechanics computations and uses a non-staggered grid lay-
out such that the control volumes are exactly alike for all car-
rier equations. ANSYS Mechanical is finite-element-based
software for structural mechanical analysis. FSI models are
coupled and determined iteratively by these two packages
within each time step by applying appropriate boundary
conditions at the fluid–structure interface until the coupling
system residual is less than a specified tolerance. Since blood
domain hasmoving boundaries, an arbitrary Lagrangian–Eu-
lerian (ALE) formulation is used for the analysis of the
fluid flow. This formulation can be directly coupled with the
Lagrangian formulation of the artery domain. For each coro-
nary artery model, transient flow simulations at three cardiac
cycles were performed, and results in the last cycle were used
for mechanical and hemodynamic analysis. A regular time
step equal to 0.005 s with 160 total times step cardiac cycle
was employed. The convergence criterion is set to 10−5 in
this study.

The grid independency is defined on the basis of a mesh
density study on the normalmodel using fourmesh sizes, and
the peak diastole WSS values at the beginning of the LAD
branch are compared. The number of elements in these grids
for the structural domain is M1�31227, M2�79451, M3�
188514 and M4�353788. Figure 4 shows the grid indepen-
dency study at WSS values are refinements at the peak of
diastole phase.

123



1790 S. Bahrami, M. Norouzi

M1

M2

M3
M4

1.5

1.55

1.6

1.65

1.7

1.75

1.8

1.85

1.9

1.95

0 10 20 30 40

W
SS

 [P
a]

Elements Num. x 10000

Fig. 4 Grid independency study at WSS value

For a more thorough investigation of the numerical res-
olution of grid independency, the results are reported as a
standard error among the created grids. Percentage of the
available error between the M3 and M4 meshes at the begin-
ning of the LAD is about 0.85%. However, in the other two
grids, the error rate increases to 16.35 percent. Here, M3 is
considered as the reference grid because it has a lower CPU
time and error rate than the M4 (less than 1%).

3 Results and discussion

The hemodynamic parameters were evaluated for different
models at specified times and locations. The velocity reduces
by bifurcating of flow at the beginning of the LAD and LCx
branches. Since the deviation angle of the branch of the LCx
is higher than the LAD, the velocity in this branch decreases
further. Themean velocity decreased by 42.34% at the begin-
ning of the LCx branch compared to the LAD branch in the
normal hyperelasticmodel and at the peak systole. These val-
ues for hypertension and rigid models are 40.44 and 34.41,
respectively. Figure 5 shows the velocity profiles at the begin-
ning of the LCx and LAD branches at the peak systole for
different models.

The difference of average velocity between hyperelastic-
hypertension and hyperelastic-normal models is 15.96% at
the beginning of the LCx branch, while the difference of
average velocity increased to 17.18% in the hyperelastic-
normal and rigid-normal models. Also, at the beginning of
the LAD branch, the difference of average velocity between
hyperelastic-hypertension andhyperelastic-normalmodels is
18.65%,while the error between the hyperelastic-normal and
rigid-normal models is 3.4%. Figure 6 shows velocity con-
tours at three cross sections of coronary bifurcation and in
different models at the peak systole and diastole. The peak
systole occurs at maximum velocity and after the bifurcat-
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Fig. 5 Velocity profiles in peak systole for different models

ing a slowdown happens at the beginning of the LCx and
LAD branches. At this time, the slowdown was observed in
the posterior region in the branches of LAD and LCx. In
the hypertension model, the lowest velocity was discerned
compared to other models. At the peak diastole, backflow is
attended, especially on the wall. At this time, the velocity in
the posterior region was the highest in the branches of LAD
and LCx and there were backflow and vortex flow in these
regions.

In order to better understand the backflow and vortex flow,
the velocity vectors are obtained in the bifurcation site and
at the peak diastole. As seen in Fig. 7, there are considerable
backflow and vortex flow at the beginning of the LAD and
LCx branches. In the LCx branch, especially in the hyper-
tension model, the larger vortex flow is compared to other
models.

WSS is the most important parameter in the study of
atherosclerosis. Hence, the LM branch and its tributaries
are used to investigate variations of this parameter. Fig-
ure 8 shows the WSS for a cardiac cycle in different
models at the end of the LM branch. According to Fig. 8,
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Fig. 6 Velocity contours in three coronary positions for different models at the peak systole and diastole

there is 22.92% difference at WSS magnitude between
hyperelastic-hypertension and hyperelastic-normal models,
while this amount reduced to 4.58% in the hyperelastic-
normal and rigid-normal models. The maximum WSS in
Fig. 8 is 2.56 Pa at the beginning of the systole phase in
the hyperelastic-normal model. In rigid and hypertension
models, the maximum WSS is reduced to 2.43 and 1.97 Pa,
respectively.

Due to the flow division and decreasing the velocity, we
expected to reduce the WSS at the beginning of the branches
of LCx and LAD. Figure 9 shows the wall shear stress mag-
nitude at the beginning of LCx for different models. In this

area, theWSS is different for hyperelastic models about 12%
and for normal models 5%. According to the figure, there is
low shear stress at the beginning of the LCx branch. Also,
the results show high oscillations and low shear stress at the
beginning of the LAD branch. In this area, the difference
of WSS magnitude between hyperelastic-hypertension and
hyperelastic-normal models is 29.62%, while the difference
of WSS magnitude increased to 31.7% in the hyperelastic-
normal and rigid-normal models.

Figure 10 shows the wall shear stress magnitude at the
beginning of LAD for different models. The maximumWSS
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Fig. 7 Velocity vectors at the coronary bifurcation and in different mod-
els at the peak diastole
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Fig. 8 WSS for different models at the end of the LM branch

at the end of the diastole phase and in the rigid model in
Figs. 9 and 10 is 0.7 and 1.43 Pa, respectively.

The results of shear stress magnitude indicate that in addi-
tion to lower WSS at the beginning of the branches of LAD
and LCx, oscillatory WSS also occurs. Whereas these val-
ues are opposite to each other in the anterior and posterior
positions. Figure 11 shows the wall shear stress magnitude
in the normal hyperelastic model in the anterior and poste-
rior positions of the left coronary arteries. As seen in the
normal hyperelastic model, the low and oscillatory shear
stress occurredmore in the posterior positions of the coronary
artery. Shear stress magnitude reduced due to the presence
of curvature after coronary bifurcation and backflow into the
vessels. The shear stress difference in the anterior and poste-
rior positions is 61.88 and 68.07% at the beginning of LAD
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Fig. 9 WSS for different models at the beginning of the LCx branch
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Fig. 10 WSS for different models at the beginning of the LAD branch

and LCx, respectively. Since LM branch is undeviating, the
shear stress magnitude in the anterior and posterior positions
of this branch is approximately the same and there are very
low backflow and vortex in this section.

Figure 12 shows the shear stress contour for the different
models at peak systole and diastole. The results show the
maximum and minimum shear stress on the wall. Whereas
when peak diastole occurs the shear stress is lowest and this
amount of shear stress is undesirable and is the main cause of
atherosclerosis disease. Therefore, by considering the oscil-
latory shear index, WSS can be expressed independently of
time.

Shear stress changes at different times and this information
are not sufficient to diagnose the disease; so the oscilla-
tory shear index (OSI) parameter is expressed. The high OSI
values express the low shear stress and oscillatory that this
parameter can be used as a diagnosis of the disease. Figure 13
demonstrates the oscillatory shear index values in different
wall models. As seen, high OSI values are at the beginning of
the coronary bifurcation, and immediately reduce these val-
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Fig. 11 WSSmagnitude in the normal hyperelasticmodel at the anterior
and posterior position of left coronary arteries

ues after bifurcation. For the hypertension model, the OSI is
about 0.4–0.5 at the coronary bifurcation, while these values
are about 0.35–0.45 for normal models. High OSI occurred
in the bifurcation site because of the presence of backflow
and the rapid reduction in the velocity values, which then
with developing average velocity, the shear stress increased
and decreased the OSI.

The largest displacement in thewall occurred in the hyper-
tension model in the LCx branch due to high pressure in the
artery. The difference of wall motion between hyperelastic-

Fig. 13 Oscillatory shear index contour for different models

hypertension and hyperelastic-normal models and at peak
systole and at the LCx and LAD branches are 26.65 and
19.76%, respectively. Figure 14 shows the displacement of
thewall in hyperelasticmodels in the peak systole for theLCx
and LAD branches. Regarding the wall motion in resilient
models, it is observed thatwith increasing physiological pres-
sure, the wall motion increases. In the LCx branch, there was
a higher displacement than the LADbranch, due to the higher
frequency of movement in this area of the coronary arteries.

Fig. 12 Shear stress contour for the different models at peak systole and diastole
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4 Conclusions

In this study, the pulsatile flow of non-Newtonian fluid
in the left coronary bifurcation and applied the healthy
and unhealthy physiology conditions with the effect of flu-
id–structure interaction is studied. In past studies, using the
computational and clinical analysis, the distribution of wall
shear stress and its oscillation in coronary arterieswere inves-
tigated (Nordgaard et al. 2010; Soulis et al. 2006). Changing
the direction of the wall shear stress vectors due to the
high OSI increases the production of the gene endothelin-
1 mRNA, and it causes cell proliferation on the vascular
(Chiastra et al. 2013). In other words, shear stress is not a
comprehensive explanation for the permeability of blood-
borne particles, and differences in OSI change permeability
level (Himburg et al. 2004). Recent studies have shown 25%
difference between shear stress in the resilient arteries and
rigid ones (Cebral et al. 2002). Comparing flow in rigid and
hyperelastic walls, one can have a better perception of flow
changes.

Clinical results achieved in recent years confirm that most
of the coronary artery stenosis occurs in this area with low
shear stress (Chatzizisis et al. 2008; Karimi et al. 2014;
Sadeghi et al. 2011). These studies show the wall vulnerabil-
ity based is on peak plaque stress using human samples and
criticalWSS in the range of 0.7–1.2 Pa at the site of coronary
which is consistent with the results obtained in this study.
According to clinical and numerical studies in recent years,
these areas have the highest risk of developing atherosclerotic
plaques (Karimi et al. 2014; Nichols et al. 2011; Papafaklis
et al. 2010). In this study, we observed the difference between
rigid and resilient models.

The difference of average velocity between hyperelastic-
normal and rigid-normal models is 3.04 and 17.18% at the
beginning of the LAD and LCx branches, respectively. Here,

the percentage of error is defined as the ratio of the absolute
difference of average velocity of two models to the mean of
them. At the beginning of the LAD branch due to the align-
ment with the LM were observed slight variations between
the rigid and normal hyperelastic models. The hardening of
the wall increases the wave propagation and reduces the time
difference between the pressure at the inlet and the outlet
(Jarvinen et al. 2001). According to the Poiseuille equation,
the flow rate is related to the fourth power of the radius and
decreasing the elasticity of the wall causes to reduce the
velocity. The wall shear stress fluctuates due to shear rate
variation as a result of velocity change near the wall. It also
affects the results accuracy of 25% variation in the different
wall models (Cebral et al. 2002; Penrose et al. 2000). Shear
stress is severely reduced after bifurcation. This reduction in
WSS due to backflow and vortex which causes shear stress
oscillation and high OSI values of about 0.35–0.5 which pos-
sibility increases of plaque production in these areas.

The lowest amount ofwall shear stress is seen in the hyper-
tension model. In the LM branch due to the existence of a
fully developed flow, the shear stressmagnitude has the high-
est value and has fewer oscillate. The decrease in velocity
and backflow formation due to the coronary bifurcation and
significant decrease occurred in shear stress andmade it oscil-
latory at the starting point of the LCx branch which caused
the shear stress to be less than 1 Pa. In the LAD branch, the
shear stress is reduced due to bifurcation and backflow to be
less than 2 Pa. Regarding to the curvature, the shear stress
magnitude in the posterior region is significantly different
from the anterior at the beginning of the branches of LAD
and LCx, so that the lowest shear stress and the highest oscil-
lating shear stress occurred in the posterior region at the left
coronary bifurcation. The differences of shear stress in the
anterior and posterior positions are 61.88 and 68.07% at the
beginning of LAD and LCx, respectively.

Because of considering the 3D geometry and using the
physiological boundary conditions, the correct values were
obtained forWSS in the left coronary bifurcation. The results
have been consistent with the clinical and numerical studies
of previous investigations. It can be concluded that the high-
est potential risk for atherosclerosis disease is in the regions
with low wall shear stress less than 1.20 Pa and with high
OSI value more than 0.3. In other words, it is better to use
high OSI values to express the risk of diseases.

For future studies, using real geometry obtained from CT-
scan images instead of the ideal geometry is recommended.
Differentmodels, such as viscoelasticwalls, could be utilized
to improve wall deformability, and the effect of stenosis for
different parts of the coronary artery bifurcation with vari-
ous non-Newtonian blood models could be studied. It is also
recommended to examine the effects of multilayer walls and
LDL in blood flow.
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