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The abnormal diameter of the coronary artery is twice or more than the normal diameter,
which is a coronary artery aneurysm (CAA). According to the clinical statistics, CAA
shows high occurrence on right coronary artery (RCA). The most common cause of
CAA in adults is atherosclerosis, which destroys the elastic fibers in the middle layer
of the blood vessel. Under the intravascular pressure, the weak wall bulges outward
and form CAA. This article aims to explain the hemodynamic mechanism of coronary
artery aneurysm shows high occurrence on RCA. Occurrence of CAA was simulated
by the volume growth of coronary artery. Firstly, a 0-3D multi-scale model of normal
coronary artery was constructed to obtain the hemodynamic environments of coronary
artery. Then, fluid-structure interaction of normal and atherosclerotic blood vessel was
performed to obtain volume growth rate of the coronary artery. Atherosclerosis was
simulated by modifying Young’s modulus in middle layer of the blood vessel. Finally,
creep simulation was performed to compare the deformation of the blood vessels
under the accumulation of time. Under normal condition, the volume growth rate of
the RCA is 2.28 times and 1.55 times of the LAD and the LCX. After atherosclerosis,
the volume growth rate of the RCA was 2.69 times and 2.12 times of the LAD and
the LCX. And the volume growth rate of the RCA was 3.85 times and 3.45 times of
the LAD and the LCX after further deepening of atherosclerosis. The expansion time
above the average volume growth rate of the RCA, the LAD and the LCX respectively
were 0.194, 0.168 and 0.179 s. The RCA is 2.06 times the original, the LAD and LCX
are 1.53 times and 1.56 times after 10 years in creep simulation. It can be concluded
that the RCA is more prone to aneurysms originated from the larger expansion of the
RCA under normal physiological condition, and the larger expansion is magnified under
atherosclerosis condition with destroyed vessel elasticity, and further magnified during
the time accumulated viscoelastic creep to develop to aneurysm eventually.

Keywords: coronary artery aneurysm, high occurrence on right coronary artery, geometric multi-scale model,
fluid-structure interaction, creep simulation
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INTRODUCTION

The abnormal diameter of the coronary artery is twice or more
than the normal diameter, which is a coronary aneurysm (Syed,
1997; Pahlavan and Niroomand, 2006; Jariwala et al., 2018)
(Coronary Artery Aneurysm, CAA).

The most common cause of CAA in adults is atherosclerosis,
which destroys the elastic fibers in the middle layer of the
blood vessel. Under the intravascular pressure, weak wall bulges
outward and forms CAA (Anabtawi and De Leon, 1974;
Demopoulos et al., 1997; Baman et al., 2004). Pan et al. (2014)
detected 697 coronary artery ectasia (CAE) patients. There were
totally 878 dilated coronary arteries, and the main branch of
right coronary artery (RCA) was mostly involved (41.80%),
followed by the main branch of left anterior descending artery
(LAD) (25.40%), the main branch of left circumflex artery (LCX)
(21.64%), and the left main coronary artery (LM) (4.78%). It can
be seen that the coronary aneurysm presents high occurrence on
RCA. But due to the rareness of coronary aneurysm, there are
only a few reports of clinical cases and their treatment (Swaye
et al., 1983; Dahhan, 2015). The hemodynamic mechanism of
CAA is not sufficient. So why does coronary aneurysm present
high occurrence on right coronary artery?

The formation of CAA is a complex physiological process.
The occurrence of CAA in adults is mainly due to atherosclerosis
involving the middle layer of blood vessels. Therefore, three-layer
blood vessels were established and the youngs modulus of the
middle blood vessels were modified to simulate atherosclerosis.
Two aspects of simulation were performed to explain that the
RCA prone to form CAA. Firstly, the deformation of vessel wall
can be directly reflected by Fluid-structure Interaction numerical
simulation. By comparing the volume growth rate of the RCA,
the LAD and the LCX in normal condition and atherosclerosis,
whether RCA prone to expand could be judged. Secondly, the
formation of coronary artery aneurysm is cumulative. Creep
numerical simulation was performed to predict whether RCA is
prone to form CAA.

MATERIALS AND METHODS

Firstly, a 0-3D geometric multi-scale model of normal coronary
artery was constructed to obtain the hemodynamic environments
of the RCA, LAD, and LCX. Then, fluid-structure interaction was
performed under the normal condition and the atherosclerosis.
Atherosclerosis was simulated by modifying Young’s modulus in
middle layer of the blood vessel. Finally, creep simulation was
performed to simulate the formation of CAA.

Multi-Scale Numerical Simulation

In this study, a geometric multi-scale method (Zhao et al,
2014) is used to couple the 0D lumped parameter model
with the three-dimensional coronary artery model for fluid
dynamics simulation., The CT image of the coronary artery were
imported to Mimics software and the 3D model reconstruction
was performed by using the threshold segmentation method
and manual segmentation method, respectively. Coronary artery

models were eventually reconstructed in FREEFORM software
based on the research objectives combined with previous actual
case reports. The 0D lumped parameter model refers to the
findings of Taylor et al. (2013) and has been used many times
in our previous studies, and its accuracy has been confirmed
(Stergiopulos et al., 1996; Zhao et al, 2016). The lumped
parameter model in this study can be divided into three modules:
heart module, aorta module and coronary artery module. See the
right side of Figure 1. The parameter values of each component
were based on the research of Kim et al. on coronary artery
modeling (Kim et al., 2010), and the values were adjusted by
genetic algorithm (Li et al., 2018). The systolic and diastolic
pressure, and cardiac output of the model were adjusted to match
the physiological reality of the patient, and made the flow of each
branch of coronary artery conform to the principles proposed
by Kim: The total coronary arterial flow accounts for 4% of the
patient’s cardiac output. And then, the flow of each branch of
the coronary artery is was then proportional to the cubic of the
diameter of the branch (Kim et al., 2010). Values of 0D lumped
parameters are show in Table 1.

As shown in Figure 1, the 3D model is coupled with the
entrance and exit of the 0D model to form a geometric multi-
scale model. The 3D model was meshed by the CFX module in
ANSYS, and the meshing method was a hexahedral mesh. At the
same time, it is assumed in the simulation that the blood vessel is a
rigid wall that is impermeable, and the blood is an incompressible
Newtonian fluid. The dynamic viscosity of blood is 0.0035 Pa-s
and the density of blood is 1060 kg/m?, which is an unsteady
laminar flow and calculated according to the existing method
(Zhao et al., 2014). The hemodynamic parameters of the coronary
arteries are finally obtained. These hemodynamic parameters,
such as flow and pressure, were applied to the fluid-structure
interaction numerical simulation as boundary conditions.

Two-Way Fluid-Structure Interaction

CAA occurs mostly in trunk of coronary artery and less
frequently in branches. In the objective-specific 3D coronary
model, the models for the RCA, LAD, and LCX were built, as
shown in Figure 1. Since LM is relatively short and the incidence
of CAA is extremely low, the model of LM was not built.

The fluid-structure interaction model is divided into a blood
vessel model and a fluid model. First, the blood vessels shown
in Figure 2 were thickened by GEOMAGIC software to obtain a
three-layer blood vessel model consisting of the inner layer, the
middle layer and the outer layer. In clinical statistics, there was
no significantly difference in the wall thickness of RCA, LAD,
and LCX. The total thicknesses of the three-layer vessel models
were 0.95 mm. The thickness of the inner layer and the outer
layer is 0.3 mm and the thickness of the middle layer is 0.35 mm
(Li and Guo, 2017). Boolean operations are then performed on
the blood vessel models in SOLIDWORKS software to tailor the
fluid models. After the model is established, the two-way fluid-
structure interaction was performed in ANSYS WORKBENCH
software. The coupling module consisted of Transient Structural
module and Fluid Flow module. Material setup, meshing, and
analysis setup are performed in the Transient Structural module
for the blood vessel model. The structure of the three-layer
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FIGURE 1 | Geometric multi-scale model of normal coronary arteries.
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TABLE 1 | OD part parameter value.

Heart module Branch Ria Ry Lia L4 Cq
0.00375 0.0075 0.000285 0.0037 0.95
Aorta module Branch Rp Rq Cdoa Cdoa a
0.10285 0.9196 2.2653 0.0005

Coronary artery module Branch R Rm Ry (o] Cim
a 78.6 127.52 44.51 0.00124 0.01269
b 95.6 155.52 44.51 0.00124 0.01269
c 83.52 136.28 42.01 0.00124 0.01269
d 110.6 180.52 44.51 0.00124 0.01269
e 95.6 155.52 44.51 0.00137 0.00909
f 95.6 155.52 44.51 0.00137 0.00909
g 79.26 129.51 65 0.00124 0.01269
h 100.26 163.51 65 0.00124 0.01269
i 79.26 129.51 40 0.00124 0.01269
j 79.26 129.51 40 0.00137 0.00909
k 79 129 60 0.00124 0.01269
| 131.25 135.51 60 0.00137 0.00909
m 131.25 135.51 70 0.00137 0.00909
n 130 212 88.75 0.00124 0.01269
o 130 212 60 0.00137 0.00909
p 150 244 60.15 0.0001 0.0354
q 175.5 283 60 0.0001 0.0354
r 155.5 244 40 0.0001 0.0354

The unit of resistance R is mmHg-s/mL, and the unit of blood flow inertia L is mmHg-s2/mL, the unit of vascular compliance C is mL/mmHg.

blood vessel models exhibits different properties. The Young’s
modulus of the inner and outer layer was about 3 times lower
than the middle layer. Therefore, we referenced (Gao et al., 2006;
Watanabe and Matsuzawa, 2006) and Maier et al. (2010), who
reported that the ratio of Young’s modulus of the inner layer, the
middle layer and the outer layer is 1/3/1, so the Young’s modulus
of the inner, middle and outer layer was set to Ei = 0.9 MPa,
Em = 2.7 MPa, and Eo = 0.9 MP, respectively, and the Poisson’s
ratio was set to 0.45.

Mesh independency test was performed, for example, the RCA
vessel model in Figure 2. The mesh sizes of the blood vessel
were set to 0.3, 0.1, and 0.05 mm. Fluid-structure interactions
were performed for three groups of models with different mesh
sizes. The error rate of the calculation results of the three groups
of models is within 5%. In order to reduce the calculation time
and increase the calculation speed, the mesh size is chosen to
be 0.3 mm. The mesh number of the RCA, LAD, and LCX are
167521, 84839, and 324997.
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FIGURE 2 | Blood vessel models. (A) RCA (B) LAD (C) LCX.

Binding constraints were imposed between the layers of
blood vessels. A cylindrical coordinate system was established
at the entrance and exit of the blood vessels to restrain the
circumferential and axial displacement of the blood vessels, so
that the blood vessels could freely expand radially. The fluid
setting was then made in the Fluid Flow module. The fluid density
is 1060 kg/m® and the dynamic viscosity is 0.0035 Pa-s. The fluid
boundary conditions were taken from the previous 0-3D multi-
scale numerical calculations. The calculation type is transient,
taking the normal cardiac cycle T = 0.8 s.

The flow boundary of the fluid inlet and the pressure boundary
of the fluid outlet were given. The boundary settings are shown
in Figure 3.

The deformation of the RCA, the LAD and the LCX
under normal Young’s modulus is obtained from fluid-structure
interaction. Through fluid-structure interaction simulation
under normal condition, it was found that the maximum
deformation of the RCA, LAD, and LCX was at the bifurcation
position. The length of atherosclerosis site is 20 mm. The orange
marker area in Figure 2 is the coronary atherosclerosis site.

Due to atherosclerosis involves the middle layer of the
blood vessels, the elastic fibers in the middle wall of the blood

vessels are destroyed. Atherosclerosis is simulated by modifying
Young’s modulus in middle layer of the blood vessel. When
the middle layer of the blood vessels is damaged, the ability
of the blood vessels to resist deformation is weakened, which
can be modified by reducing the Young’s modulus. The specific
Young’s modulus of the atherosclerotic site is not available and
is related to the degree of coronary expansion. It is assumed
that the Young’s modulus is 1/10 and 1/100 which are 0.27 and
0.027 MPa, respectively. Non-atherosclerosis sites are consistent
with the normal blood vessels. The fluid-structure interaction
was performed in the same manner on different models of
atherosclerosis. The volume growth rate of the RCA, the
LAD and the LCX under normal condition and atherosclerotic
condition were compared.

Creep Simulation

When the ability of the blood vessels to resist deformation is
weakened, creep will occur with time, due to the viscoelasticity
of blood vessels. A creep simulation was adopted to analyze
this process. The relaxation and creep functions of the power
law form have been well fitted to the experimental results of
certain materials and have been widely adopted by researchers
of high molecular materials. Since the temperature and stress are
constant, creep rate is only related to time. The Time Hardening
theory from engineering data of ANSYS WORKBENH was
chosen, which is related to

gor = C102 G e~ C/T (1)

Where ¢, is creep rate, C;-Cy4 are constants, ¢ is stress, and
T is temperature. Li et al. (2013) performed the uniaxial creep
experimental data of human cerebral arteries under 18700 and
22500 Pa. The time-strain curve at the average arterial pressure
under 12500 Pa is obtained by linear interpolation of the creep
experimental data under 18700 and 22500 Pa, shown in Figure 4.
The C;-C4 were obtained by fitting the strain-stress curve
under 12500 Pa. Fitting results are C; = 2.35¢~°, C, = 0.6808,
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C; = 0.3273, C4 = 0. The RCA, the LAD and the LCX
models are identical to the previous blood vessel model of
the two-way fluid-structure interaction. The periodic load
shown in Figure 3 was applied to the RCA, the LAD, and
the LCX models, and the creep simulation was calculated
to be 150,000 s.

RESULTS

Two-Way Fluid-Structure Interaction
The expansion results of the middle layer of the vessel wall under
different atherosclerosis degree were calculated. The maximum
deformation moment of RCA, LAD, and LCX models is 0.15.
The deformation contours were derived at this time, as shown
in Figures 5-7.

From the deformation contour at the maximum time 0.15 s,
it could be seen that the deformation of the RCA, the LAD

and the LCX is increased after the degree of atherosclerosis
is increased. The deformation of the atherosclerotic site
in RCA is much larger than that in LAD and LCX.
The volume growth rate curves of the atherosclerotic site
in the RCA, the LAD, and the LCX could be plotted
in the cardiac cycle. Volume growth rate is the ratio of
increased volume to original volume after expansion, as
shown in Figure 8. In a cardiac cycle, the volume growth
rate of the atherosclerotic site in the RCA was larger than
the LAD and LCX.

The average volume growth rates of blood vessels within a
cardiac cycle were compared, as shown in. Figure 9. Under
normal conditions, the average volume growth rates of the
atherosclerotic site in the RCA, the LAD, and the LCX
respectively were: 4.56, 2, and 2.93% in a cardiac cycle. When
the middle layer of the blood vessels was damaged and the
Young’s modulus was reduced to 0.27 MPa, the average volume
growth rate of atherosclerotic site in the RCA, the LAD, and the
LCX were 10.4, 3.86, and 4.90% respectively in a cardiac cycle.
When the middle layer of the blood vessels was damaged and
the Young’s modulus was reduced to 0.027 MPa, the average
volume growth rate of atherosclerotic site in the RCA, the LAD,
and the LCX respectively were 18.4, 4.78, and 5.32% in a cardiac
cycle. Under normal condition, the volume growth rate of the
RCA is 2.28 times and 1.55 times of the LAD and the LCX.
After atherosclerosis, the volume growth rate of the RCA was
2.69 times and 2.12 times of the LAD and the LCX. And the
volume growth rate of the RCA was 3.85 times and 3.45 times of
the LAD and the LCX after further deepening of atherosclerosis.
It can be seen from the volume growth curve in a cardiac
cycle that vasodilation is more obvious in systole. The volume
growth curves in systole (0—0.3 s) of the RCA, the LAD, and
the LCX could be plotted. The average volume growth rates of
the RCA, the LAD, and the LCX in systole respectively were
5.26, 2.28, and 3.46%. These were shown in Figure 10. The
auxiliary lines from the intersection of average line of the RCA
and volume growth curve of the RCA to X axis were plotted.
It can be seen that the time when volume growth rate of the
RCA is higher than the average was longer than the LAD and
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the LCX, which respectively were 0.027—0.221 s, 0.052—0.22 s,
and 0.033—0.212 s.

Creep Simulation
The deformation curves of the RCA, LAD, and LCX were
obtained by creep simulation. As shown in Figure 11, it could

be seen that the deformation of the RCA was larger than the
LAD and the LCX.

Deformation functions of the RCA, LAD, and LCX were
obtained by fitting the curve in Figure 11.

Drea = 4.676_4t0'01841
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Through the function we can predict that after 10 years, the
RCA is 2.06 times the original, the LAD and LCX are 1.53 times
and 1.56 times. It indicated that the RCA is more likely to form
CAA than the LAD and LCX.

DISCUSSION

At present, the study of coronary aneurysms is more common in
a few clinical reports, and its hemodynamic mechanism research
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FIGURE 11 | Curve of deformation.

is still insufficient. From clinical statistics, coronary aneurysms
can be found to be highly focal and easily occur in the RCA. The
formation of CAA is a complex physiological process. The Fluid-
structure Interaction numerical simulations were performed to
compare the expansion ability of the RCA, the LAD and LCX.
The Creep simulations were performed to predict the formation
of CAA. These simulations attempt to explain the hemodynamic
mechanism of coronary artery aneurysm easily occurring on
RCA The average volume growth rate of the RCA under normal
condition and atherosclerosis both larger than the LAD and
the LCX, shown in Figure 9. In the Fluid-structure Interaction
numerical simulations, there is almost no difference between the
material of the blood vessels and the pressure in the vessels. It
can be considered that the structural difference makes the RCA
prone to expand. Coronary diameter statistics were performed
on 167 subjects. The average diameter of the RCA, the LAD
and the LCX respectively are 2.95 £ 060, 2.14 £ 0.43, and
2.26 & 0.41 mm. It can be seen that the average diameter of the
RCA is greater than the LAD and the LCX. The larger average
diameter of the RCA leads it prone to expand. From Figure 9,
it can be seen that under normal condition, the volume growth
rate of the RCA is 2.28 times and 1.55 times of the LAD and
the LCX. After atherosclerosis, the volume growth rate of the
RCA was 2.69 times and 2.12 times of the LAD and the LCX.
And the volume growth rate of the RCA was 3.85 times and
3.45 times of the LAD and the LCX after further deepening of
atherosclerosis. It indicates that the larger expansion is magnified
under atherosclerosis condition with destroyed vessel elasticity.
As well as, it can be seen that the time above average volume
growth rate in systole of the RCA, LAD, and LCX respectively
were 0.194, 0.168, and 0.179 s, shown in Figure 10. In Creep
simulations, this accumulation of the time difference leads the
RCA reaching to 2.06 times, while the LAD and the LCX
respectively were 1.53 times and 1.56 times after 10 years. So
it can be considered that the RCA is more prone to aneurysms
originated from the larger expansion of the RCA under normal
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physiological condition, and the larger expansion is magnified
under atherosclerosis condition with destroyed vessel elasticity,
and further magnified during the time accumulated viscoelastic
creep to develop to aneurysm eventually.

There are some limitations in our study. The formation of
CAA is a complex physiological process. Many physiological
factors have not been considered. Human blood vessels are
anisotropic, and stress-strain are not a simple linear relationship.
The linear elastic material given in the article is indeed not as
suitable as the superelastic material in reflecting the deformation
of blood vessels. Due to the limitation of calculation cost, the
simulation time of the creep process is 150,000 s. We can only
give the trend of coronary artery dilation, but cannot really
simulate the formation of CAA. The differences in the location
and structure of atherosclerosis were not considered in this study.
With the expansion of the blood vessel, wall shear stress at
the site of atherosclerosis decreases, which may lead to intimal
hyperplasia, deepening of atherosclerosis, and affecting coronary
dilation. However, the potential interaction between low wall
shear stress and coronary dilation has not yet been clarified,
and further work is needed. These problems will continue to be
explored in future research.

CONCLUSION

In this article, numerical simulations show that RCA is more
likely to expand to form CAA, which is consistent with
clinical statistics. The RCA is more prone to aneurysms
originated from the larger expansion of the RCA under normal
physiological condition, and the larger expansion is magnified
under atherosclerosis condition with destroyed vessel elasticity,
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