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Abstract
Background: The Anomalous origin of the Right Coronary Artery (RCA) from the Left Coronary artery
sinus(AORL) is one of the abnormal origins of the coronary arteries. Most of these issues seldom have
effects on human health, but some individuals may have symptoms such as myocardial ischaemia or
even sudden death. Recently, researchers are studying AORL through clinical cases, but study based on
computational �uid dynamics (CFD) is rarely seen. In this study, haemodynamic changes between
normal origin of the RCA and AORL are compared according to numerical simulation results.

Methods: Realistic three-dimensional models of 16 normal right coronary arteries and 26 abnormal
origins of the right coronary arteries were reconstructed, respectively. The blood �ow was numerically
simulated using software ANSYS. This study involves one-way �uid-solid coupling �nite element model
in which the blood is assumed to be incompressible Newtonian �uid, and the vessel is assumed to be
isotropic, linear elastic material.

Results: The differences of the cross-sectional area at the inlet between the normal group and the
abnormal group was signi�cant ( P <0.0001). There were signi�cant differences in the volumetric �ow ( P
<0.0001) and the pressure ( P =0.0001). There were positive correlations with the ratio of the cross-
sectional area of the RCA to the inlet area of the ascending aorta (AAO) and the ratio of the inlet
volumetric �ow of the RCA to the volumetric �ow of the AAO, in both the normal ( P =0.0001, r=0.8198)
and abnormal ( P =0.0199, r=0.4925) group.

Conclusion: This study shows that the cross-sectional area of the inlet of AORL may cause ischaemia
symptoms, and the results may contribute to the further understanding of the clinical symptoms of AORL
based on the haemodynamics.

Background
The coronary artery originating from the root of the aorta is divided into the left coronary artery (LCA) and
the right coronary artery(RCA). The RCA originating from the right aortic sinus of the heart supplies blood
to the superior and inferior ventricles at the right side of the heart. Anomalous origin of the coronary
artery (AAOCA) is a common type of congenital coronary artery anomaly[1]. Although some children are
born with AAOCA, it may not be diagnosed during coronary angiography until the individual grows to an
adolescent or adult [2-4]. There are four main types of AAOCA: (a) absence of the left main artery, (b)
abnormal origin of the coronary artery from the improper sinus, (c) anomalous coronary ostium outside
of the Valsalva's sinus, and (d) a single coronary artery[5]. Although most coronary artery anomalies have
little effects on individuals, some young people who are prone to sudden cardiac death usually have the
two common characteristics of abnormal: RCA and abnormal LCA[6]. This study focused on the
hemodynamics of the right coronary artery originating from the left coronary sinus.

In patients undergoing coronary angiography the incidence of anomalous origin of the right coronary
artery from the left esinus (AORL) is 0.92%[7]. Compared with the origin of LCA, AORL causes a lower rate
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of sudden death. The incidence of typical angina and myocardial infarction in patients with a low
interarterial course of AORL is signi�cantly lower than that with a high interarterial course in patients [8].
However, even if the incidence of cardiovascular disease due to AORL is relatively low, the consequences
are often fatal.

A study reported that AORL can cause myocardial ischaemia, angina pectoris, myocardial infarction, and
sudden cardiac death (SCD) [9-11]. The researchers �nd that an acute angle of AORL may cause
cardiovascular disease during exercise [12]; the most proximal part of the artery has an oblique
intramural course with a slit-like ostium, which may cause ischaemia [13]. Mechanical compression of
the RCA due to the dilation of the pulmonary artery and aorta may result in ischaemia during maximal
exercise [14, 15].

Initially, one of the causal mechanism of SCD is considered to be associated with a slit-like or �ap-like
closure of the ori�ce[16, 17]. The reported data from the large series of intravascular ultrasonography
(IVUS)- based clinical studies in 63 adult patients with AORL have shown evidence that the severity of
stenosis relates with the occurrence of ischemic symptoms (ie, syncope, angina, or dyspnea, in addition
to SCD) [18]. The cross-sectional area at the inlet of RCA of the abnormal group is much smaller than that
of the normal group in this study. One of the features of AORL is a slit-like ori�ce [19], so The cross-
sectional area is small. The factor may cause a functional stenosis of AORL, ischemia and malignant
ventricular arrhythmias [20].

In this paper, the haemodynamics of AORL were studied based on computational �uid dynamics (CFD).
As a branch of hydrodynamics, CFD is increasingly being applied in biomedical engineering. Many
bioengineers have used CFD to study complex cardiovascular diseases, such as coronary artery stenosis
[21-26].

In this study, we hypothesised that the the hemodynamics of the right coronary artery of normal origin
differed from that of AORL. 42 realistic geometic models of AORL were reconstructed based on computed
tomography (CT) scan images, and then the haemodynamic was simulated with numerical method . The
main purpose of this study was to investigate the effects of AORL on haemodynamics, and it provided
theoretical signi�cance for clinical evaluation of ischemic symptoms.

Results
Before ANSYS analysis, the material parameters are set as follows: the blood density and viscosity were
set to be constant at 1060 kg/m3 and 3.5×10-3 Pa•s, respectively[27]. The vessel wall density is 1150
kg/m3, the Young's modulus is 5 MPa, and the Poisson's ratio is 0.45[28].

The red section is the cross-sectional of the inlet of the RCA (Fig. 3). The �ow rate of AORL was smaller
than that of the normal coronary artery(Fig. 4). The average pressure and WSS at the corner of the RCA in
each model were calculated by �ve-spot sampling. The gray part is the range of the �ve-point sampling
method and its length is about 10~15mm(Fig. 5).
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According to the hemodynamic parameters of the abnormal group, one case of right coronary artery
stenosis and three cases of right coronary artery originating from the ascending aorta were removed, and
the data of the remaining cases were statistically analyzed. The ratio of the cross-sectional area of the
RCA to the inlet area of the ascending aorta (AAO) was de�ned by:

S%=SRCA/SAAO.

the ratio of the inlet volumetric �ow of the RCA to the volumetric �ow of the AAO was de�ned by:

Q%=QRCA/QAAO.

In the abnormal group, there were obvious positive correlations with S% and Q% (P=0.0199, r=0.4925)
(Fig. 6 (a)). The S% of normal group has a great positive correlation with Q% (P=0.0001, r=0.8198) (Fig. 6
(b)). There were signi�cant differences in the the cross-sectional area of the inet (P<0.0001) (Fig. 7 (a)).
The average cross-sectional area of the normal group (12.97±1.253 mm2 ) was twice that of the
abnormal group (6.314±1.253 mm2 )..The differences of the volumetric �ow rates (P<0.0001) and the
pressure (P=0.0001) between the normal group and the abnormal group was obvious (Fig. 7 (b), (c)). The
average volume �ow in the abnormal group (1.119±0.5739 m/s) was about one third of that in the
normal group (3.672±0.5739 m/s). The average pressure in the normal group (476.1±77.19 Pa) was
about three times that in the abnormal group (146.2±77.19 Pa). No signi�cant difference was observed
for WSS (P>0.05) (Fig. 7 (d)). The average WSS of the normal group (2.487±0.7097 Pa) was almost the
same as that of the abnormal group (2.590±0.7097 Pa).

Discussion
AORL has been studied by most researchers through clinical cases and anatomical studies, but few
studies explored quantitative analyses of haemodynamics to investigate this problem[29-33]. To study
the difference in haemodynamics between the normal right coronary artery and AORL, we simulated
human coronary artery haemodynamics (the model includes left coronary arteries and RCAs and a partial
aorta) based on multi-slice CT scan images. The effects of a slit like closure of AORL on hemodynamic
parameters and clinical symptoms were studied by comparing the inlet volumetric �ow, pressure and
WSS data for the RCA.

The correlation between area ratio and �ow ratio was analyzed to eliminate individual vascular
differences in each patient. In this study, we proved that Q% decreased with the decrease of S% in both
normal and abnormal groups In the abnormal group, although the S% of 4 cases was relatively large, the
Q% was relatively small, which may be caused by the small acute angle. In this paper, we also �nd that
the S% and Q% of the abnormal group are smaller than those of the normal group. One reason for this is
that although the velocity increased due to a decrease in the cross-sectional area of the inlet of AORL, the
volumetric �ow into the RCA in abnormal group was three times smaller than that in the normal group,
�nally; Another reason may be that blood is forced into the LCA, which is caused by the close proximity of
the starting position of the LCA and the RCA. In the abnormal group, the volumetric �ow into the RCA is



Page 6/20

smaller. This leads to insu�cient blood �ow to the end of the right coronary artery, which is unable to
exchange blood with the heart in time. It can eventually lead to myocardial ischaemia, such as angina
[34].

Recently research found that the decrease in pressure of coronary artery stenosis compared with that of
non-stenosis coronary arteries according to the comparison of hemodynamic parameters between the
two groups of coronary artery stenosis and no stenosis[35]. In this work, we proved that the cross-
sectional area of the inlet the abnormal group was smaller than that of the normal group, and the
pressure at the corner of the abnormal group was smaller than that of the normal group. Fluid energy is
composed of potential energy, pressure energy and kinetic energy. A decrease in the cross-sectional area
of the abnormal group lead to an increase in the velocity. According to the conservation of energy, the
pressure is reduced, which is the same as the results of this study. The second reason for the lower
pressure in the abnormal group may also be that the acute take-off angle of AORL results in pressure loss
caused by blood �ow as it enters the RCA. If the entrance of the RCA is very narrow, it can decrease blood
�ow to the heart, especially  when it is beating hard. Eventually, the decreased blood �ow may cause
shortness of breath, angina, or other coronary artery disease signs and symptoms [36, 37].

Pathological studies on Coronary artery disease suggest that atherosclerosis is the main cause of
myocardial ischaemia in adult population [38]. WSS plays an important role in the development and
rupture of atherosclerosis rupture[39]. The study found that the arterial WSS reduction has a positive
correlation with the decreasing of artery wall elasticity, and WSS can be one of effective parameters for
early diagnosis of atherosclerosis[40, 41]. In this study, we proved that the mean value of WSS between
the abnormal group and the normal group was not signi�cantly different. We believe that neither a slit-like
or �ap-like closure nor the acute take-off angle will affect WSS of the RCA in AORL. Therefore, AORL does
not increase the incidence of atherosclerosis.

There are some limitations of this study. Notably, the results indicated that the WSS was more accurate
when using the heart arterial cycle as the inlet �ow[42]. In future studies, we will perform additional
statistical analyses using the cardiac arterial cycle for bidirectional �uid-solid coupling.

Conclusion
The main purpose of this study was to analyse the haemodynamics of AORL using CFD. The results
revealed that AORL led to a decrease in the volumetric �ow and pressure at the RCA, but there were no
differences in the WSS. We concluded that the cross-sectional area of the inlet of AORL, which changed
the haemodynamic environment, could cause ischaemia. This study concentrated on the clinical
symptoms of the cross-sectional area of the inlet and elucidated that the slit-like ori�ce may be a reason
for ischemic symptoms from a haemodynamic perspective. This study provides useful guidance for
clinicians in the diagnosis of AORL.

Materials And Methods
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Image collection

16 normal coronary arteries and 26 abnormal coronary arteries CT images were collected based on a 128-
slice Siemens (SOMATOM De�nition Flash) dual-source CT scanner (80 kV, 140 kV). The tube voltage
was selected according to the Body Mass Index (BMI) as follows: if BMI≤18, tube voltage is 80 kV; if
18<BMI≤22, tube voltage is 100 kV; if 22<BMI≤27, tube voltage is 120 kV and if BMI>27, tube voltage is
140 kV. The contrast injection rate is 5-5.5 ml/s, and its dose is 60-80 ml. All patients did not use any
drugs to control heart rate before scanning. They took 0.5 ml of nitroglycerin under the tongue before
scanning, and they were scanned after breath training in calm state. Scan settings are listed in Table 1.

Artery models

The realistic coronary arterial models were reconstructed based on the collected samples with software
Mimics (v9.0, Materialise, Ann Arbor, MI, USA). Geomagic Studio 2013 (3D Systems, Morrisville, NC, USA)
was used to smooth the rough surfaces of the reconstructed models and generate solid surfaces
subsequently. To make the numerical simulation easier, the small coronary branches of the coronary
arterial models were removed. The main branch of right coronary artery was retained, and left anterior
descending coronary artery, left main coronary artery and left circum�ex coronary artery were retained for
the left coronary artery. The ascending aorta was cut off about 0.55 centimeters away from the coronary
sinus which is taken as the inlet of blood �ow. The surface of reconstructed model was offset 0.5mm
along the normal direction to get the outer wall of the vascular. A 3D CAD software, Solidworks (
Solidworks Corporation, Boston, MA, USA), was used to rebuild the vessel wall of the model. The vessel
wall was created by the reconstruction of the blood solid and the offset solid. The blood model is shown
in Fig. 1.

Assumption and governing equations

Blood was considered as a homogenous, incompressible and Newtonian �uid[24]. Blood was assumed to
be isothermal. The blood �ow was described by the three-dimensional incompressible Navier-Stokes
equations and continuity equation [43]:

where u and σ respectively represent the �uid velocity vector and stress tensor, and ρ is the density. σ is
de�ned by

where η and  denote the viscosity of blood and shear rate, respectively. p is the pressure. D is the rate of
deformation tensor which is de�ned by
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where μ is the blood viscosity.

The vessel wall is assumed to be an isotropic, non-linear elastic material with no in�ltration. The equation
governing the solid domain:

where σs is the stress tensor, ρs is the density, and as is the acceleration.

 

Mesh generation

Meshes were generated using ICEM software (ANSYS, Inc., Canonsburg, PA, USA). The geometric models
were meshed using unstructured tetrahedral volume meshes. The minimum and maximum sizes of the
mesh were 0.06 mm and 1 mm, respectively, for the �uid part of the model. Five layers of �ne mesh with
a height ratio of 1.2 were used. The size of the mesh was 0.1 mm for the solid part of the model.

Boundary conditions

In this study, the inlet �ow velocity is set as a constant, which is a simple way to compare the different
effects of normal right coronary arteries and abnormal right coronary arteries on haemodynamics. The
maximum exit velocity of the left ventricle was set as the entry boundary condition for the numerical
simulation, as denoted by the red dot in Fig. 2 [44].

Finally, the boundary conditions are set as follows:

(1) On the entry of the aorta, the tangential velocity is set to 1 m/s, and the normal velocity is set to 0
m/s.

Vt=1 m/s;

Vn=0 m/s.

where the subscripts t and n are angential and normalt directions, respectively.             

(2) On the exits of the aorta, the normal and tangential outlet pressure is 0 Pa.

pn=pt=0 Pa;

The wall of blood domain is assumed to has no slip, vn=vt=0 m/s. Fluid-solid coupling follows the most
basic conservation principle, so the conservation of �uid and solid stress, displacement and �ow should
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be met at the �uid-solid coupling interface.

where d is the displacement vectors, σ is the stress tensors, n is the boundary normal, and the subscripts f
and s represent �uids and solids, respectively.

Numerical simulation

In the paper, a one-way �uid-solid coupling simulation was executed with ANSYS workbench. The �nite
volume method (FVM) mixed with the �nite element method (FEM) is used to solve the governing
equations. The structural analysis of vessel wall was solved with ANSYS Mechanical, and a CFD
software based on the �nite element method, ANSYS CFX (ANSYS CFX 19.0, Canonsburg, USA), was
used for the �uid analysis of blood. The semi-implicit method for pressure linked equations consistent
(SIMPLEC) algorithm was used to couple the out�ow velocity term, and all equations were solved by the
separation solution method. The convergence criterion was set to 1×10-4.

According to the Reynolds number, for Re<2300, the �ow of blood is set to laminar. Re is de�ned by:

where v and ρ are the velocity and density of the �uid, respectively. d is the characteristic length, and μ is
the viscosity of the �uid.

Statistical analysis

To eliminate the differences in patient speci�city, multiple cases were analysed by statistical analysis.
Statistical analysis was performed using GraphPad Prism (GraphPad Software 8.0, CA, USA). Correlation
analysis was used to evaluate the relationship between area and �ow rate, pressure and WSS. The
difference in cross-sectional area of the inlet, volumetric �ow, pressure and WSS between the two groups
was studied by t-tests of two independent samples. The number in pressure and WSS was collected by
means of the �ve-point sampling method. If correlation coe�cient r was close to +1, 0 and -1, the results
were positive correlation, negative correlation and no correlation, respectively. A correlation less than 0.5
was described as weak, whereas a correlation more than 0.8 was described as strong. The signi�cance
level was set at P<0.05.
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Table
Table 1 Scan settings

Parameter Value
Rotation speed 280 ms/r

Collimator 2×128×0.6 mm
Slice thickness 0.75 mm
Slice increment 0.50 mm

In plane resolution 512×512
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Figures

Figure 1

Two examples of coronary artery models are shown in the front view and the upward view.
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Figure 2

The exit velocity of the left ventricle is measured during a complete heart cycle. For stationary simulation,
the entry boundary condition chosen the maximum velocity. The velocity is 1.0 m/s.
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Figure 3

The position of the right coronary artery inlet velocity. (a) Normal origin of the right coronary artery, (b)
Anomalous origin of the right coronary artery from the left coronary sinus of Valsalva. Two examples are
used to indicate the location of the entrance.
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Figure 4

Flow rate of the entrance section of the right coronary artery. Due to individual differences, the area and
shape of the entrance section of each model are different. The �ow of the inlet section of each of the
normal and anomalous group could be read separately by two contours.
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Figure 5

The location selected by the �ve-point sampling method. The gray area is the value area of the model,
and the value area is enlarged 4 times to show the details.
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Figure 6

(a) Normal origin of the right coronary artery, (b) Anomalous right coronary artery from the left coronary
artery sinus. S% is the ratio of the cross-sectional area of the right coronary artery to the inlet area of the
ascending aorta. Q% is the ratio of the inlet volumetric �ow of the right coronary artery to the volumetric
�ow of the ascending aorta.
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Figure 7

The �gure shows the comparison of inlet cross section area, volume �ow, pressure and WSS between the
abnormal group and the normal group. ****P<0.0001,***P=0.0001, ns P>005.


