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Background: An anomalous origin of the right coronary artery from the left coronary artery sinus is
usually characterized by an acute take-off angle. Most affected patients have no clinical symptoms; however,
some patients have decreased blood flow into the right coronary artery during exercise, which can lead to
symptoms such as myocardial ischemia. Most researchers who have studied an anomalous origin of the right
coronary artery from the left coronary artery sinus have done so through clinical cases. In this study, we used
numerical simulation to evaluate the hemodynamics of this condition and the effect of an acute take-off angle
on hemodynamic parameters. We expect that the results of this study will help in further understanding the
clinical symptoms of this anomaly and the hemodynamic impact of an acute take-off angle.

Methods: Three-dimensional models were reconstructed based on the computed tomography images
from 16 patients with a normal right coronary artery and 26 patients with an anomalous origin of the right
coronary artery from the left coronary artery sinus. A numerical simulation of a two-way fluid-structure
interaction was executed with ANSYS Workbench software. The blood was assumed to be an incompressible
Newtonian fluid, and the vessel was assumed to be an isotropic, linear elastic material. Hemodynamic
parameters and the effect of an acute take-off angle were statistically analyzed.

Results: During the systolic period, the wall pressure in the right coronary artery was significantly reduced
in patients with an anomalous origin of the right coronary artery (t =1.32 s, P=0.0001; t =1.34-1.46 s,
P<0.0001). The wall shear stress in the abnormal group was higher at the beginning of the systolic period
(t =1.24 s, P=0.0473; t =1.26 s, P=0.0193; t =1.28 s, P=0.0441). The acute take-off angle was smaller in
patients with clinical symptoms (27.81°+4.406°) than in patients without clinical symptoms (31.86°+2.789°;
P=0.017). In the symptomatic group, pressure was negatively correlated with the acute take-off angle
(P=0.0185-0.0341, r=-0.459 to -0.4167).

Conclusions: This study shows that an anomalous origin of the right coronary artery from the left
coronary artery sinus causes changes in hemodynamic parameters, and that an acute take-off angle in patients

with this anomaly is associated with terminal ischemia of the right coronary artery.
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parameters
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Introduction

In computed tomography (CT) images, an anomalous origin
of the right coronary artery (RCA) from the left coronary
artery sinus (AORL) constitutes 15% of anomalous origins
of the coronary artery from the opposite coronary sinus (1).
Exercise can trigger fatal arrhythmias in young people with
AORL (2). One of the anatomical features of AORL is an
acute take-off angle, which results in reduced velocity in
the RCA (3,4). The normal take-off angle is 45°-90°, and
an acute take-off angle is defined as an angle of <45° (5,0).
According to several studies of the common causes of sudden
cardiac death due to AORL in young athletes, one of the
main mechanisms is an acute take-off angle (7-9). AORL is
more likely to cause sudden cardiac death when the acute
take-off angle is <30°, but no relationship has been found
between the interarterial course length and sudden cardiac
arrest (10). Many studies have analyzed data from clinical
cases and autopsy reports in order to understand the risk
of AORL and propose treatment options (7,11-15). Some
studies have simulated the hemodynamics of AORL through
computational fluid dynamics. However, few studies have
simulated the effect of an acute take-off angle on blood flow,
and the sample sizes were small in those studies.

Although magnetic resonance angiography and CT
angiography (CTA) can show some characteristics of blood
flow, they cannot provide clear information about wall shear
stress (WSS), blood flow velocity, and blood pressure (16).
Therefore, the use of computational fluid dynamics to predict
and diagnose cardiovascular diseases has become an important
research topic. Through the analysis of the left coronary
artery by computational fluid dynamics and fluid-structure
interaction (FSI), researchers can study the aneurysm rupture,
the effect of stent implantation, and other issues (17,18).
Studying the relationship between blood flow characteristics
and the development of vascular diseases has provided a deeper
understanding of these diseases. Such knowledge also plays an
important role in diagnoses and surgical evaluations (19-22).

Computational fluid dynamics was recently applied to
an anomalous origin of the left coronary artery from the
RCA sinus, and the evaluation of hemodynamic parameters
confirmed that the interarterial space is compressed during
exercise (23). A study involving a Newtonian model and a
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non-Newtonian model showed that the non-Newtonian
model only affected the WSS magnitude (24). In another
study, three non-Newtonian and Newtonian blood viscosity
models were used to analyze the human thoracic aorta,
and all of the blood viscosity models produced a consistent
WSS distribution pattern (25). In many studies involving
numerical simulation of human blood vessels, the blood
vessels were assumed to have rigid walls (26-28). The
maximum WSS in an elastic vessel is significantly lower than
that in a vessel with rigid walls (29,30). By setting the blood
vessel wall as elastic, not only will the simulation results be
closer to the real situation in the human body, but the data
will also be more accurate (31,32). In patient-specific two-
way FSI analysis, the hemodynamic parameters of AORL
are closer to the real physiological state in humans.

In this study, we used two-way FSI to simulate the flow
of blood through human blood vessels. Hemodynamic
changes caused by an acute take-off angle in AORL were
analyzed. In total, 42 patient-specific models were analyzed;
of these, 16 patients with a normal RCA comprised the
control group. Clinicians collected CTA imaging data from
hospitals, and the collected CTA images were reconstructed
using modeling software to generate the three-dimensional
models needed for numerical simulation. To ensure that
the simulated environment was similar to the blood flow
situation in humans, the entry boundary condition was set
as the real pulsatile velocity, and a two-way FSI analysis
was adopted. The parameters chosen for the blood vessels
and blood were similar to those of the real human body.
Hemodynamic parameters such as the flow rate, pressure,
and WSS of all models were then collected for statistical
analysis.

Methods
Data collection

CTA images from 16 patients with normal coronary arteries
(7 men, 9 women; mean age, 58+8.7 years) and 26 patients
with AORL (17 men, 9 women; mean age, 62+10.9 years)
were collected using a 128-slice dual-source CT scanner
(SOMATOM Definition Flash; Siemens, Munich, Germany)
(80 kV, 140 kV). The scanning parameters were a rotation
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Figure 1 The measurement of the acute take-off angle. The black
line indicates the ostium line, and the green line indicates the

second 5-mm line.

speed of 280 ms/rot and collimator of 2 mm x 128 mm x
0.6 mm. The relevant parameters of the CTA images were
a slice increment of 0.50 mm, a slice thickness of 0.75 mm,
and an image resolution of 512x512.

Image measurements

The acute take-off angle of the AORL was measured, as
shown in Figure I; the maximum diameter of the RCA
ostium can be seen on the axial superimposed image. A
black line was drawn to represent the ostial diameter, and,
from the middle of this black line, a second 5-mm line was
drawn along the center of the RCA. The angle between
these two lines was measured as the acute take-off angle of
the AORL (10,33).

Coronary artery models

The retained part of the ascending aorta, the left coronary
artery tree, and the main branch of the RCA were modeled
for hemodynamic analysis. CTA images were segmented
by Mimics 17.0 software (Materialise, Ann Arbor, MI,
USA) using automatic and semiautomatic methods, as
shown in Figures 24,B. The red portion shown in Figure
2B is reserved for all models in order to build the FSI
model used for analysis. The surface model was saved
in binary stereolithography format. The surfaces of the
stereolithography-format models were smoothed using
Geomagic Studio 2013 software (3D Systems, Rock Hill,
SC, USA). Figure 2C shows the surface solid model of
the blood model. The surface of the blood-surface model

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Cong et al. Hemodynamics and acute angle of the RCA

was offset 0.5 mm along the normal direction to obtain
the surface model of the blood vessel. Solidworks 2016
(SolidWorks Corporation, Waltham, MA, USA) was used
to generate the solid filling and fluid filling models. Finally,
the two models were combined to generate the vessel wall
model. The blood model used in the analysis was filled and
generated in the geometry module (Figure 2D, E).

Governing equations and boundary conditions

The main purpose of this study was to elucidate the
hemodynamic differences between patients with and
without AORL. Some studies have shown that Newtonian
and non-Newtonian models have little impact on the
hemodynamic environment (34). For the purpose of
this study and for the simplicity of analysis, blood was
considered to be a homogenous, incompressible, isothermal,
and Newtonian fluid (35,36). Blood density and viscosity
were set to be constant at 1,060 kg/m’ and 3.5x107° Pas,
respectively (31). Numerical simulation was carried out
based on the continuity equation and the three-dimensional
incompressible Navier-Stokes equation:

V-u=0 (1]
Ou 1
5+(u~Vu)=;V~G (2]

where u represents the fluid velocity vector, p represents the
density, and o is the stress tensor. o is defined as follows:

o=2n(y)D+-pI 3]

where # and y denote the blood viscosity and shear
rate, respectively; p is the pressure; D is the rate of the
deformation tensor, and is defined as follows:

D=|.L[Vu+(Vu)T} [4]

where p is the blood viscosity.

The vessel wall was assumed to be an isotropic, linear
elastic material. The vessel wall density was 1,150 kg/m’,
Young’s modulus was 5 MPa, and Poisson’s ratio was 0.45 (37).
The conservation equation for the solid part was as follows:

V.o, =p,-a, 5]

where os is the stress tensor, ps is the density, and as is the
acceleration.

In this study, the inlet (i.e., entry) boundary condition
was set as the real pulsatile velocity of the human body, and
the outlet pressure condition was set to a constant value.
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Figure 2 The process of image segmentation using automatic and semi-automatic methods. (A) Part of the coronary artery and part of

the aorta structures were removed; (B) the red part is the part to be reserved; (C) the blood surface model in STL format is formed by

smoothing; (D) the simulated model of the right coronary artery originating from the right coronary sinus was generated; (E) the simulated

model of AORL. AORL, anomalous origin of the right coronary artery from the left coronary artery sinus.

The inlet velocity was represented by the Fourier series

i, (1) (Figure 34) (38,39):
=0+ z a? cos(nwt)+ B2 sin (nwt) 6]

u, (t)=0(t)/ 4 [7]

where 0 is the mean volume flow, »=27 is the angular

frequency, the cardiac cycle t is 0.8 s, and #, (?) is the inlet
velocity. The variable A is the cross-sectional area of the

inlet surface, and the value of A is the average of all the
models.

The pulsation pressure was expressed by a Fourier series
as follows (Figure 3B,C) (38,39):
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p+z a? cos nwt)+ﬂn” sin(nwt) (8]

where P is the mean pressure.

As shown in Figure 3B,C, we calculated the mean arterial
pressure difference between the ascending aorta and the
coronary artery. Finally, the boundary conditions were set
as follows:

At the exit of the coronary artery, the normal and
tangential outlet pressures were 0 Pa (pnl = ptl =0 Pa).

The tangential outlet pressure of the aorta was 56 Pa,
and the normal pressure was 0 Pa (pt2 =56 Pa; pn2 =0 Pa).

The wall was assumed to have no slip (vin = vt =0 m/s).

The FSI follows the most basic conservation principle.
Because it was assumed that there is no heat exchange in the
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Figure 3 The pulse curves. (A) The inlet velocity of the aorta; (B) pressure fluctuation of the aorta; (C) pressure fluctuation of the coronary

artery.
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Table 1 Mesh convergence test (t =1.4 s)

The mesh size in the The mesh size in the solid

Case fluid domain (m) Elements domain (m) Elements  Velocity (m/s) WSS (Pa) Pressure (Pa)
1 0.0007 486,394 0.0008 95,790 0.0345 0.43 687.906
2 0.0007 486,394 0.001 58,939 0.0346 0.432 687.889
3 0.0007 486,394 0.0012 43,145 0.0347 0.428 687.979
4 0.00075 423,380 0.0008 95,790 0.0341 0.439 683.047
5 0.00075 423,380 0.001 58,939 0.0394 0.485 683.442
6 0.00075 423,380 0.0012 43,145 0.0399 0.449 683.961
7 0.0008 373,286 0.0008 95,790 0.0354 0.417 681.134
8 0.0008 373,286 0.001 58,939 0.0356 0.422 680.96
9 0.0008 373,286 0.0012 43,145 0.0362 0.438 680.957
10 0.001 256,648 0.0008 95,790 0.0364 0.414 668.431
11 0.001 256,648 0.001 58,939 0.0353 0.412 668.375
12 0.001 256,648 0.0012 43,145 0.0362 0.413 668.306

WSS, wall shear stress.

blood, the following equations needed to be met between
the fluid and the solid:

GS'I’IS:O'f'I’lf [9]

d,=d, [10]

where n is the boundary normal, o is the stress tensor, and d
is the displacement vector. The subscripts f and s represent
fluids and solids, respectively.

Hemodynamic parameters

ICEM software (Ansys Inc., Canonsburg, PA, USA) was
used for the mesh generation. To ensure that the grid
division was reasonable, one of the models was selected for
analysis, and the results are shown in 7Table 1. The velocity
is the average velocity of the cross-sectional area at the inlet
of the RCA. WSS and pressure were obtained with a five-
point sampling method. The five-point sampling method
was based on the region that was approximately 10-15 mm
from the entrance of the RCA.

The two main purposes of this study were to compare
the hemodynamic differences between an AORL model and
a normal model and to study the difference of numerical
law, not the difference in specific values. Therefore, the
mesh was set as follows: in the fluid part, the proximity
size control function was used, and the maximum face size
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was set to 0.0008 m. The expansion layer was set as three
layers, and its growth rate was 1.2. The solid part was set to
proximity to control the grid resolution of the area adjacent
to the mesh. The unit size was set by local grid control, and
the average side length of the vessel wall was set to 0.001 m.
Tetrahedral mesh was selected as the mesh type, and capture
proximity was used to divide the mesh.

In this study, the FSI analysis was carried out using Ansys
Workbench 19.0 (Ansys Inc.). Multiple-code coupling was
used to solve the problem. A two-way FSI was adopted.
Ansys mechanical and Ansys CFX 19.0 (ANSYS, Inc.)
were used to solve the calculation domain of the vessel wall
and blood, respectively. Fluid Flow (CFX) was adopted
for the fluid portion, Transient Structural was adopted for
the solid portion, and the two modules were connected
by System Coupling modules. For the fluid portion, the
thermodynamic state of blood was set to liquid. Heat
transfer in the fluid models of the default domain was set to
none, and the turbulence was also set to none according to:

Re=pUD/p [11]

where p is the density, U is the velocity, D is the diameter of
the vessel, and p is the viscosity coefficient.

The maximum blood vessel diameter and blood
velocity were used in the model (U, .., =0.18 m/s,
D,erage =0.028 m, Re =1,526.4). The main purpose of this
paper was to compare the different parameters of the
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Figure 4 To prevent the numerical solution from being corrupted by the initial conditions, whether or not this transition is washed away

should be determined. The volumetric flows between 0.8-1.2 s were compared with those between 1.6-2.0 s.

results, which could be simplified by setting the blood to
laminar flow. The material of the fluid part was set to the
blood flow parameters. The minimum number of iterations
was set to 1, and the maximum number of iterations was set
to 20. Convergence was carried out by linear convergents,
and the convergence criterion was set to 1x10™*. The inlet
and outlet section of the vessel wall was set as fixed support,
the inner wall of the vessel was set as a fluid-solid coupling
surface, and the wall of the vessel was set to elastic support.
The inner surface of the vessel wall was provided with a
fluid load on the surface. The step end time was set to 2 s.
Finally, the system-coupling module was used to connect
the fluid part and the solid part. The total analysis time was
2 s, and the time step was 0.02 s.

Statistical analysis

All cases were statistically analyzed to eliminate patient-
specific differences. The statistical analyses were performed
with GraphPad Prism 8.0 (GraphPad Software, San Diego,
CA, USA), SPSS v. 22.0 IBM Corp., Armonk, NY, USA),
and MATLAB 2013b (MathWorks, Natick, MA, USA).
Figure 4 shows that there is little difference between the
volumetric flow of 0.8—1.2 and 1.6-2.0, and this transition is
washed away. The data for t =0.8-1.6 s were collected. The
pressure, WSS, and mesh deformation were collected by
means of a five-point sampling method. The differences in
parameters between the control group and the experimental

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

group were analyzed by two-way repeated-measures analysis
of variance in the second period. Spearman’s correlation was
performed using age, sex, and cross-sectional area of the
inlet as covariates to analyze the correlation between the
acute take-off angle of AORL and the inlet flow, pressure,
and WSS. The difference in the acute take-off angles
between the asymptomatic and symptomatic AORL groups
was calculated using analysis of covariance. The significance
level was set at P<0.05.

Results
Clinical features

In total, 42 patients were included in the study. The patients
were divided into a control group (n=16) and an experimental
(AORL) group (n=26). The experimental group was further
divided into an asymptomatic group and symptomatic
group according to the presence of clinical symptoms.
The characteristics and clinical symptoms of patients are
summarized in 7able 2. According to the clinicians’ diagnoses,
the main symptoms were chest distress and dizziness, which
is consistent with AORL reported in a previous study (40).

Hemodynamics

The inlet flow was determined from the area and average
velocity of the cross section of the inlet of the RCA. WSS and
pressure were obtained by a five-point sampling method of an
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Group Number Average age Gender Clinical features Number of patients with clinical symptoms
A 16 56+10.0 7 males - -
B1 12 64+12.4 9 males - -
B2 14 61+10.1 8 males Chest distress 6
Dizziness 2
Chest distress and dizziness 1
Palpitations 1
Coronary disease 4

area approximately 10-15 mm from the inlet of the RCA.

The pressure in the experimental group (-72.5
to 256.5 Pa) was significantly lower than that in the
control group (28.1 to 411.9 Pa) during the time period
of t =1.32-1.46 s, and the difference between the two
groups was statistically significant (t =1.32 s, P=0.0001;
t =1.34-1.46 s, P<0.0001) (Figure 5A). As shown in
Figure 5B, the volumetric flow in the experimental group
was relatively low in the time period of 1.4-1.56 s, but the
difference throughout the whole period was not statistically
significant (P>0.05). At 1.4-1.5 s, the WSS of the AORL
group (0.216-0.370 Pa) was slightly higher than that
in the control group (0.115-0.203 Pa) (Figure 5C). The
statistical analysis showed a difference in the WSS between
the two groups within 1.24-1.28 s (t =1.24 s, P=0.0473;
t=1.26 s, P=0.0193; t =1.28 s, P=0.0441), but no significant
differences were observed during the remainder of the
time (P>0.05) (Figure 5C). The mesh deformation during a
cardiac cycle was almost identical between the two groups,
with no significant difference (P>0.05) (Figure 5D).

The age and sex of the AORL patients were used as
covariates, and analysis of covariance showed a significant
difference between the acute take-off angle in patients
without clinical symptoms (31.86°£2.789°) and patients
with clinical symptoms (27.81°+4.406°) (P=0.017) (Figure 6).

We also evaluated the differences in the hemodynamic
parameters between patients with and without clinical
symptoms. Figure 74 shows that the pressure in a cardiac
cycle was almost identical between the two groups (P>0.05).
Patients with AORL who showed clinical symptoms had
a higher volume flow (Figure 7B), but the difference was
not statistically significant (P>0.05). Patients with clinically
symptomatic AORL had a lower WSS during systole than
patients without clinical symptoms (Figure 7C); however,
the difference was not statistically significant (P>0.05).

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

There was no difference in mesh deformation between the
two groups (P>0.05) (Figure 7D). As shown in Figure 7E, there
was no significant difference in velocity between patients
with clinical symptoms and without symptoms, but the
difference was not significant (P>0.05).

Spearman’s correlation was used to analyze the correlation
between an acute take-off angle and the hemodynamic
parameters. Using age, sex, and the cross-sectional area of
the inlet as covariables, acute take-off angles were negatively
correlated with pressure at 0.84-0.94 s and 1.10-1.16 s. The
specific values are shown in 7able 3. Throughout the cardiac
cycle, the angle had no correlation with the volumetric flow,

WSS, or mesh deformation (P>0.05).

Discussion

AORL is a rare congenital anomaly that can lead to
myocardial ischemia and arrhythmia, increasing the
risk of sudden cardiac death (41). Risk stratification and
management can reduce the risk of ischemia in patients with
AORL (41). The risk of sudden death depends on several
anatomical features: an intramural course, a slit-like orifice,
and an acute take-off angle (8,42). These characteristics
can lead to functional stenosis and, ultimately, ischemia in
patients with AORL. Distention of the pulmonary artery
may be the cause of RCA compression between the aorta
and pulmonary root (43). Dilation of the aorta can cause
an abnormal narrowing of the opening, which can reduce
blood flow to the coronary arteries (44). Arterial stenosis
affects the hemodynamic parameters and might lead to
a series of complications such as rupture of the coronary
artery (45,46).

In this study, we simulated the hemodynamics of
a cardiac cycle based on CTA images and the actual
fluctuating inlet flow in the human body. We investigated
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the correlation between an acute take-off angle in patients
with AORL and various hemodynamic parameters, the
hemodynamic differences between normal and abnormal
groups, and the potential relationship between an acute
take-off angle and clinical symptoms.

Our data showed that the volume flow in three patients
in the experimental group was significantly larger (one
order of magnitude) than that in the other patients. This
was due to the cross-sectional area of the inlet in these
patients being one order of magnitude larger than that of
the other patients in the AORL group. Therefore, overall,
there was no significant difference in the volume flow
between the normal and abnormal groups.

Our analysis demonstrated that the experimental group
(patients with an acute take-off angle) had significantly
lower pressure during the systolic period. The main reason
for the negative pressure is that the outlet pressure was set
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Figure 7 Differences in hemodynamic parameters between group (B1) and group (B2). Group (B1) represents the acute take-off angle of

an AORL patient without clinical symptoms. Group (B2) represents the acute take-off angle of an AORL patient with clinical symptoms.

AORL, anomalous origin of the right coronary artery from the left coronary artery sinus.

Table 3 Values of P and r for statistically significant time periods

Time (s) P r

0.84 0.0215 —-0.449
0.86 0.0185 -0.459
0.88 0.0253 —-0.438
0.90 0.0279 —-0.431
0.92 0.0312 —-0.423
0.94 0.0341 -0.4167
1.10 0.0256 -0.437
1.12 0.0194 —-0.455
1.14 0.0194 —-0.455
1.16 0.0219 -0.447

to 0 Pa. The main purpose of this study was not to examine
the specific value, but rather the regularity of the numerical
value. Therefore, the specific value of the final pressure
result is not relevant to the discussion of the final result.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

The starting angle of a normal RCA is 45°-90°. The acute
take-off angle of AORL is about 20°-40°, The acute take-off
angle of AORL can cause excessive pressure loss. At the same
time, the smaller cross-sectional area at the inlet of the AORL
will increase the velocity of blood flow to the RCA, resulting
in reduced pressure (47). If the entrance cross-sectional area
of the RCA is very narrow, it reduces blood flow to the heart,
especially when the heart is beating vigorously (44).

"This study proved that the acute take-off angle of patients
with clinical symptoms is small and that the acute take-off
angle of patients with AORL is negatively correlated with
pressure, indicating that patients with clinical symptoms
have higher pressure at the starting position of the RCA.
The main reason for this is that a small acute takeoff angle
more easily produces clinical symptoms such as dizziness
and chest tightness. Because of the insufficient blood supply
at the RCA terminal, the heart cannot exchange nutrients,
resulting in clinical symptoms. On the premise that the
entrance cross-sectional area of the RCA is the same, the
cause of the insufficient blood supply of the RCA is the low
blood velocity entering the RCA, resulting in increased
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pressure (47). In the experimental group, the difference in
the acute take-off angle was only about 10°, which would
not cause excessive pressure loss and would eventually lead
to an increase in pressure.

WSS is an effective parameter for the early diagnosis of
atherosclerosis (48). Atherosclerotic plaques often occur in
the bifurcation region of low WSS (49). We demonstrated
that patients with AORL had a relatively large WSS at
the beginning of the systolic phase, and this WSS showed
no significant difference regardless of clinical symptoms.
A comparison of WSS values showed that patients with
AORL did not have an increased risk of atherosclerosis.

"This study had some limitations. First, the number of patients
in the study was so small that the differences in hemodynamic
parameters were not statistically significant between the
groups (i.e., volumetric flow and mesh deformation between
the normal and experimental groups; and pressure, volumetric
flow, WSS, and mesh deformation between the asymptomatic
and symptomatic AORL groups). Second, we did not consider
the effect of the pulmonary artery and heart motion on the
hemodynamic environment in this study.

Conclusions

The main purpose of this study was to analyze the
hemodynamics of AORL and the effect of an acute take-off
angle on hemodynamics based on finite-element transient
simulation. The results revealed that the pressure is lower
and the WSS is higher in patients with AORL compared
with those without AORL. In patients with AORL, the
pressure decreases as the acute take-off angle decreases.
Patients with AORL with clinical symptoms had relatively
small acute take-off angles.

We can conclude that, compared with patients without
AORL, patients with AORL develop greater changes in
the hemodynamic environment, which may cause some
clinical symptoms. Moreover, the acute takeoff angle in
patients with AORL affects the hemodynamic environment.
Compared with individuals without AORL, the small angle
may cause insufficient blood supply to the end of the RCA
during exercise. A smaller acute take-off angle is more likely
to result in dizziness, vertigo, and other clinical symptoms.
This study not only theoretically demonstrates the influence
of AORL and an acute take-off angle on the hemodynamic
environment, but also provides potential theoretical
guidance for clinicians to diagnose and prevent the clinical
symptoms of AORL.
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