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Haemodynamic mechanism of
formation and distribution of coronary
atherosclerosis: A lesion-specific model

Jiling Feng'®, Nannan Wang?, Yiliang Wang?,
Xiaoxian Tang® and Jie Yuan®

Abstract

Coronary arterial disease, as the most devastated cardiovascular disease, is caused by the atherosclerosis in the coron-
ary arteries, which blocks the blood flow to the heart, resulting in the deficient supply of oxygen and nutrition to the
heart, and eventually leading to heart failure. To date, haemodynamic mechanisms for atherosclerosis development are
not fully understood although it is believed that the haemodynamic disturbance at the region of the arterial bifurcation,
particular, bifurcation angle, plays an important role in the atherosclerosis development. In this study, two types of com-
putational fluid dynamics models, lesion-specific and idealized models, combined with the computer tomography imaging
techniques, are used to explore the mechanism of formation and distribution of the atherosclerosis around the bifurca-
tion of left coronary artery and its association with the bifurcation angle. The lesion-specific model is used to character-
ize the effect of personalized features on the haemodynamic performance. While the idealized model is focusing on the
effect of single factor, bifurcation angle, on the haemodynamic performance. The simulated results from both types of
the models, combined with the clinical observation, revealed that the three key areas around the bifurcations are prone
to formation of the atherosclerosis. Unlike the idealized models, lesion-specific modelling results did not show the signif-
icant correlation between the wall shear stress and bifurcation angle, although the mean value of the wall shear stress in
smaller bifurcation angles (less than 90°) is higher than that with larger bifurcation angles (greater than 90°). In conclu-
sion, lesion-specific computational fluid dynamics modelling is an efficient and convenient way to predict the haemody-
namic performance around the bifurcation region, allowing the comprehensive information for the clinicians to predict
the atherosclerosis development. The idealized models, which only focus on single parameter, may not provide the suffi-
cient and reliable information for the clinical application. A novel multi-parameters modelling technique, therefore, is
suggested to be developed in future, allowing the effects of many parameters on the haemodynamic performance to be
evaluated.[AQ: 1]
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Introduction fatality rate caused by CVD in China and around the
world accounts for more than 40% of all deaths, higher

Cardiovascular disease (CVD) is the leading cause of . fatality caused by cancers or any other diseases.

death and disability in China and around the world.'
Over the last 30years, incidence of the CVD has
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Coronary arterial disease (CAD) is the most clinical
complication of CVD. The atherosclerosis developed in
the coronary artery is major cause of CAD, which
reduces the lumen of coronary arteries and blocks the
blood flow to the heart, resulting in deficient supply of
the oxygen and nutrition to the heart, eventually lead-
ing to the heart failure. Over the past few decades, the
mechanism of CAD has been extensively investigated.
It has been widely accepted that the haemodynamic dis-
turbance at the region of the arterial bifurcation plays
an important role in the atherosclerosis development in
the coronary artery. Particularly, the bifurcation angle
(BA), which is between the daughter vessels after
branching, has been suggested as a risk predictor in
clinic of cardiovascular diseases.® Especially locations
with low and oscillated wall shear stress (WSS) near
the artery bifurcation are susceptible to the athero-
sclerosis development.*

The anatomic analysis of the coronary artery has
identified that the left coronary artery (LCA) has a
higher risk of the atherosclerosis due to the high distur-
bance and separation of the blood flow at this area.’
Based on the clinical observations from the LCA com-
puter tomography (CT) images, Gaston demonstrated
that the plaques were prone to grow at local bifurcation
and near the opposite wall of branches.® Tang et al.
found from the CT images that BA in the LCA has a
strong correlation with the distribution of the athero-
sclerosis. They noticed that the atherosclerosis occurred
at branch of the left anterior descending (LAD) artery
more frequently than the other sites.” Juan et al.® also
observed that patients with significant stenosis in the
LCA have the larger BA.

The mechanisms of the CAD have also been
explored using the numerical modelling techniques.
Over the past decades, significant efforts have been
made to distinguish the haemodynamic performance
and the coronary arteries disease using the advanced
computational fluid dynamics (CFD) techniques. Dong
et al.’ developed a fluid-structure interaction (FSI)
model to investigate the correlation of BA with the
atherosclerosis distribution. They found that BA is pos-
itive associated with the circumferential stress of the
vessel wall.” The numerical study from Antoniadis'®
observed that local WSS has a significant effect on the
formation of the atherosclerosis. He concluded that
CFD modelling, combined with the advanced imaging
technique, is an efficient technique to diagnose the
atherosclerosis. Although it is accepted that BA has an
effect on the formation of the atherosclerosis, there are
some controversial arguments about the effects of BAs
on the atherosclerosis formation. For example, Beier
had argued that the BA has less effect on the haemody-
namic performance, by comparing effects of other two
parameters such as the size of the cross-section areas
and the degree of bending."'

Up to date, the underpinning mechanism of the
development of atherosclerosis has not been fully
understood despite significant efforts have being

made.'> ! This study aims to employ an emerging tech-
nique, lesion-specific CFD modelling, combining with
the advanced CT imaging techniques, to explore the
mechanism of formation and distribution of the athero-
sclerosis and its association with the BA. In this study,
a total of 24 multisliced CT images of the LCA were
selected by clinical collaborators from a local hospital
database in China. Two types of three-dimensional
(3D) CFD models, the idealized and the lesion-specific
models, were constructed to reveal the haemodynamic
performance of the LCA, particularly around the range
of the bifurcation. The haemodynamic parameters,
obtained through the idealized and patient-specific
CFD models, were compared with the atherosclerosis
distributions within the vessel observed from the CT
images.

Materials and methods

Twenty-four original Phillips Digital Imaging and
Communications in Medicine (DICOM) CT images of
the coronary artery were selected from database of
symptomatic patients in local hospital in China. The
details of the study were informed to the patients
involved in this study and the consent form was signed.
The ethical form was approved by ethical committee in
the hospital before the data collection. The multisliced
CT images in DICOM format were imported into the
commercial software MIMICS for the reconstruction
of the three branches of the LCA model. The interested
segments — including left main coronary (LMC), left
LAD and left circumflex coronary (LCx) artery — were
extracted using semi-automatic technique. In this
study, two types of the CFD models, idealized and
lesion-specified models, were developed to investigate
the effect of BA on the haemodynamic performance in
the LCA. The lesion-specific CFD models were devel-
oped from nine selected LCA images with a wide range
of BAs, which enables the correlation of flow perfor-
mance with BAs to be assessed. The idealized models
were constructed based on a typical example of CT
image, which allows for the geometries of the all mod-
els kept identical with the exception of the BAs varied
in a wide range; therefore, the univariate effect of BA
on the flow performance can be evaluated.

Lesion-specific model

The lesion-specific model for the LCA, including three
branches, was reconstructed using commercial software
based on CT image (Figure 1). As is emphasized above,
this study focused on the effect of BA angles on the
haemodynamic performance; therefore, we selected
nine cases of LCA out of 24 images with a wide range
of angles from 45.8° to 121.2° to construct CFD mod-
els (Figure 2). In order to minimize the effect of the
other parameters on the flow performance, the mini-
mum variation of the other parameters — such as curva-
ture of the each branch and tortuosity — was considered
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Figure |. Extraction of left coronary model using MIMICS. (a)—(c) are MSCT slices with three perspectives with the left coronary
artery (marked with red cycle) and (d) is the restructured 3D model of left coronary artery (LCA).
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Figure 2. Nine lesion-specific left coronary models with the
varied bifurcation angles.

as the criteria for the selection of the images. Within 24
images, the minimum degree of lesion was also consid-
ered for the selection of the images. The 3D geometri-
cal LCA model — consisting with LMC, LAD coronary
and LCx — was reconstructed, and then transferred to
the commercial software ANSYS for CFD simulation.

The idealized model

In order to investigate the effects of BA to the forma-
tion of atherosclerosis, a total of five idealized models

with the different BA were developed to investigate the
haemodynamic performance in the LCA. In the previ-
ous study, the cut-off value of 80° BA was suggested as
the threshold for the atherosclerosis development.® In
this study, medium value of BA is 91.2°; therefore, the
image with this angle was selected as a reference image
to construct five idealized models. Five idealized LCA
models, with angles between LAD and LCx ranging
from 60° to 120° at interval of 15°, were developed. The
models characterized with axis-symmetrical and ellipti-
cal cross-sectional shape (Figure 3(a) and (b)). The
main branch and two daughter branches share the same
plane where LAD and LCx are symmetrical about the
central line of LCM.[AQ: 2] The angles between LAD
and LCx are controlled as the only variable quantity in
order to eliminate effects from other parameters, such
as length, cross-sectional area and curvature.

CFD configuration and physiological parameters

CFD simulation was carried out using the ANSYS
FLUENT (ANSYS, Inc., Canonsburg, PA, USA) on a
Microsoft Windows 7 64-bit machine, 256 MB RAM
with a dual core 2.0 GHz CPU. The commercialized
software ICEM CFD was used for meshing, where
refined mesh was conducted through the geometric
inspection and topology correction. Quadratic tetrahe-
dral finite elements were generated with the average
numbers of elements approximately 145,935 and nodes
25,581. The refined meshes were particularly used
around the areas near the arterial wall by divided



/\/\/\
A A

a

AMwm

fmm

(b)

Figure 3. (a) Left coronary ideal model with different bifurcation angles and (b) a schematic diagram of the structure and size of

the idealized model.

boundary layer into four layers to ensure the accuracy
of the results of the flow performance, particularly for
the WSS, a key factor for the atherosclerosis develop-
ment. The Navier—Stokes equations were used to simu-
late the transient pulsatile blood flow problem within
two cardiac cycles. The pulsatile aortic pressure and
flow rate profiles at LCA'® were used to apply the
boundary conditions to the inlet and outlet, respec-
tively. The pulsatile pressure and flow rate profile were
reconstructed using the Fourier series. The user-defined
function (UDF) was edited using C language, repre-
senting the pulsatile pressure profile and LCA flow rate
profile are applied the boundary conditions at the inlet
and outlet of models. Given that lesion-specific and
idealized CFD models developed with minimum varia-
tion of the parameters other than BA, 50/50 of pulsatile
coronary flow profile was applied at the outlet of LCx
and LAD, respectively. In this study, non-slip boundary
conditions between the artery vessel wall and the blood
flow domain are assumed. The vessel wall is assumed as
rigid with no permeability, while the blood flow is con-
sidered as the Newtonian and incompressible flow under
the normal physiological conditions. At the normal body
temperature of 37 °C, the density and viscosity of blood
flow, p = 1055kg/m® and w = 0.0035Pas, are used for
analysis. The blood flow in LCA can be considered as
the laminar flow due to the low Reynolds number.

Results
The lesion-specific models

Velocity and WSS distribution. A total of nine lesion-
specific models with a wider range of BAs were devel-
oped based on its unique patient-specific CT images.
The velocity and WSS profiles for all models are pre-
sented in Figure 4(a) and (b). We expected that the
strong association exists between BAs and flow pat-
terns, however, which was not observed in this study.
Indeed, some visible differences can be identified if
these nine lesion-specific models are classified into two

groups — the group with smaller angles (45.8°, 60.1°,
71.9°, 84.3°) and the group with larger angles (91.2°,
98.6°, 103.8°, 118.6°, 121.2°). It was observed that the
overall velocities in the group with larger angles are
lower than those in the groups with the smaller angle.
The common feature observed in all models is that the
areas with higher velocity tend to divert into the inner
vessel walls in both daughter branches. In order to
observe the flow pattern in radial direction, the cross-
sectional views at three locations — A-A, B-B and C-C
— were generated at the main coronary artery and two
branches, respectively (Figure 4(c)). The cross-sectional
view for the pressure and the velocity in both sections
(A-A and B-B) indicated that the lower velocity and
higher pressure can be found in the models with the
larger BAs and vice versa (Figure 4(d)).

WSS at the key areas. Three typical regions around the
bifurcation — the ridge of the bifurcation, the areas
close to the opposite wall and the areas close to the
inner wall of two branches — were selected to observe
the WSS distribution (Figure 5(a)). The range of WSS
in these three typical areas is presented in Figure 5(b).
It is very clear that higher WSS occurs consistently in
the areas close to the inner wall of the branches, which
is 4-5 times more than the magnitude of the WSS in the
areas near the opposite wall. In the ridge of the bifurca-
tion, the magnitude of WSS is comparable to the value
at the region around opposite wall. Particularly, in the
ridge of bifurcation, the value of the WSS has the
strong negative exponential correlation with the BAs
(correlation coefficient, R* = 0.86). However, the corre-
lation between BAs and WSS is weak in the other two
areas. It is consistently shown that the mean value of
WSS in the group of smaller angles (BA < 90°) is gen-
erally larger than that in the group of larger angles
(BA > 90°) in all three areas. The ratios of the mean
value of WSS between the group of the smaller angles
and large angles are: 0.4 Pa via 0.14Pa at the ridge of
the bifurcation; 0.45Pa via 0.31 Pa at the area near the
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Figure 4. The contour of the velocity in m/s (a) and WSS in Pa (b) for nine lesion-specific CFD models at the time point of 0.4,
(c) schematic diagram for locations of the three key cross-sectional area and (d) the cross-sectional view of the pressure and the
velocity at 0.4 s for the left coronary artery at different bifurcation angles at 0.4 s (the pressure (left) and velocity (right)).

inner wall; 1.83 Pa via 1.68 Pa at the area close to oppo-
site wall.

Atherosclerosis  distribution in the LAD and LCx. Clinical
observations for the distribution of atherosclerosis in
the branches of the LAD and LCx were analysed statis-
tically by radiologists based on the same group of CT
images. As is shown in Figure 6(a), the cross-sections
(A-A in the LCx and B-B in the LAD) were partici-
pated into four quadrants (QI: the area close to inner
vessel wall; QIII: the area close to the opposite vessel
wall; QII: the area next to the pericardial side; QIV: the
area closes to myocardium side). The clinical

observation indicated that nearly 80% (19/24) of the
atherosclerosis occurs in the QIII, where only one case
with the 45.5° occurs in the QI (Table 1 and Figure
6(b)). The clinical observations for the regions of ather-
osclerosis occurring most likely are consistent with the
simulated results for the low WSS regions, indicating
the interrelation of the formation of atherosclerosis
and haemodynamic mechanisms.

Idealized model

Figure 7(a)—(c) shows the contour profile of the velo-
city, pressure and WSS in the end of the systolic period
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Figure 5. [AQ: 3]The WSS in three key areas (the ridge of bifurcation, area closer to the inner and opposite walls).

Table I. The clinical observation for the atherosclerosis
distribution in the four-quadrant area.

Range of BAs Number of items QI QlIl Qlll Qlv
< 60° 9 | 4 4 0
60°-90° Il 0 0 I 0
90°-120° 3 0 0 3 0

> 120° | 0 0 | 0

BAs: bifurcation angles.

(time = 0.4 ), the moment when the maximum pressure
and the first peak of blood flow occur. It was noticed,
at the ridge of bifurcation, that the area of the low velo-
city (green) gradually becomes larger when the degree
of angulation increases (Figure 7(a)). The similar pat-
tern was also observed in the pressure contour, where
region of the high pressure broadens when the angles
increase (Figure 7(b)). This phenomenon indicates that
the bifurcation with the wider angle resulted in a signifi-
cant change of the flow directions in the branches of
arteries, consequently, creating a greater impact force
and high pressure acting on the bifurcation. The reac-
tion force from the ridge of bifurcation causes the retro-
grade flow, leading to the dramatic reduction of the

velocity. In Figure 7(c), one can see that the lower WSS
tends to occur around the ridge of bifurcation for the
models with the smaller BA (e.g. 60° and 75° models),
while the areas of lower WSS gradually spread out
towards the daughter branches as the angles increase.
The variation of the velocity, pressure and WSS with
the angles also can be observed by the cross-sectional
views (Figure 7(d) and (e)). From the sections of A-A
and B-B, it is clear that the high velocity domain (red-
yellow area) tends to move away from the outer vessel
wall and towards the inner wall. With the increase in
BAs, the high velocity area is further away from the
outer wall, leading to the velocity gradient and WSS
decreasing. This phenomenon also can be observed
from the front view of the velocity contour, where the
high velocity streamline tends to attach the inner wall
of both daughter branches, resulting in the separation
of the flow around the opposite wall, where the extreme
low and unstable WSS occurs.

Discussion

The association of the atherosclerosis development and
the BAs has been widely explored. It has been realized
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Figure 6. (a) Schematic of quadrant diagram at the cross-
section in LAD and LCx and (b) pie chart for the incidents of
the areas of atherosclerosis formation.

that the low WSS due to haemodynamic disturbances
occur in local area plays an important role for the for-
mation of the atherosclerosis.'”*° Chatzizisis et al.”!
think that low shear stress has a continuous mechanical
effect on vascular endothelial cells, which induces the
activation of the endothelial cell-related factors and
leads to the release of chemokines and proteins. This
eventually promotes the formation of lipid and leuko-
cyte aggregations and lesions.?! In this study, correla-
tion of the atherosclerosis formation and distribution
with the BAs and the other parameters such as the
cross-sectional areas were investigated based on the
lesion-specific left coronary arterial models. To elimi-
nate the effect of the other factors, the idealized mod-
els, which possess the identical features but with varied
BAs at the equal interval, were also developed to inves-
tigate the unique relationship between the atherosclero-
sis formation and BAs. The simulated results were
compared with the clinical observation based on CT
images.

Prediction of lesion susceptible area

The region around the bifurcation in the LCA is con-
sidered as the site that is more susceptible to the devel-
opment of atherosclerosis. It 1is believed that
haemodynamic disturbance due to the local geometri-
cal discontinuity made significant contribution to it.
However, the precise location of atherosclerosis and its
association to the haemodynamic mechanism have not
been explored in great depth. In this study, three key
areas around the bifurcation regions have been

identified as the locations where the atherosclerosis is
mostly likely to occur. In the daughter branches (LCx
and LAD), mainstream of the blood moves away from
the central area to the inner side of the vessel wall.
Such flow pattern leads to lower velocity domains
around the outer vessel wall. It is clear that the velocity
streamline is less dense in areas around the outer layer
than that near the inner layer. In terms of the definition
of WSS (t,5s = w(dU/dn), where t, is the WSS, u is
the dynamic viscosity and dU/dn is the gradient of velo-
city in the normal direction), WSS is proportional to
the gradient of velocity in the normal direction.[AQ: 4]
The local variation of the velocity distribution, there-
fore, has an immediate effect on the WSS, which led to
oscillation lower WSS in the area near the opposite
wall. In terms of the haemodynamic mechanism, the
three typical areas — the ridge of the bifurcation, the
area close to the opposite wall and the area close to the
inner wall — are considered as the critical regions sus-
ceptible for atherosclerosis formation.[AQ: 5] The pre-
diction from the simulation results is consistent with
the clinical observation.

The effect of BAs on the atherosclerosis formation
and distribution

The clear negative correlation between the angulations
of the LCA and the lower WSS region was observed
from the idealized model results. Based on theories of
fluid dynamics and propagation of blood flow wave,
the reflection of waves at the point of bifurcation will
lead to the retrograde flow and this could reduce the
flow velocities significantly. Since wider angle of bifur-
cation causes significant changes of flow directions and
momentum, it is rational that wider angle of bifurcation
will generate stronger reflection waves, thus leading to
reduction of the flow velocities in the downstream. This
phenomenon was clearly shown in the cross-sectional
view of the velocity contour. At the ridge of bifurcation,
it was found that a strong negative correlation exists
between BAs and WSS. In the branches, correlation
between the WSS and BAs was weak, which is in accor-
dance with Beier et al.’s'' finding where they found the
effect of BAs on the haemodynamic performance is less
than the effect of the other parameters. The lower value
of WSS was occurring in the group with smaller angles
and vice versa, which could explain the finding from
Juan et al.®, showing patients with significant stenosis
in the LCA have the larger BA. In this study, evalua-
tion of WSS distribution was conducted at the different
time points within one cardiac cycle (0.28, 0.31, 0.4, 0.5
and 0.57s). The amplitudes of the WSS changed over
the time within cardiac cycle; however, the distribution
of the WSS within the flow domain at five key time
points is consistent. It was observed that the lowest val-
ues of WSS were occurring at 0.31 and 0.5s, respec-
tively. At 0.4s, it reached the first peak and at 0.57s,
the WSS achieved the maximum value within one cycle.
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It is suggested that atherosclerosis might be formed at
the time points of 0.31 and 0.5s; therefore, the further
analysis for the formation and development of athero-
sclerosis at these key time points could be explored.
Most recently, Pinho et al. studied the impact of the
right coronary artery geometry on haemodynamic per-
formance®> and correlation between the geometrical
parameters of the LCA and haemodynamic descriptors
of atherosclerosis, respectively. Pinho et al. found that
higher angle of the right-ventricular branch leads to a
haemodynamic behaviour more propitious to athero-
sclerosis formation. Meanwhile, they also found that
higher angle between LAD and LCx was correlated
with a haemodynamic behaviour propitious to plaque
formation in the left LAD. These findings agree with
the observation for idealized models in this study that
shown the increase of BAs leading to the lower WSS in
the interested areas. Through idealized CFD models,

on the contrary, Chiastra et al.>* concluded that cardiac
curvature has the larger effect on the local haemody-
namics performance by comparing with effect of the
BA. This result raised a question whether the idealized
model is sufficient to provide the realistic modelling
results.

Limitations

The coronary artery is one of the most complicated
artery systems, with a number of the bifurcations
embedded in the epicardial surface, to transport blood
and nutrition to heart. In this study, the model was
simplified by removing the geometrical part in the
downstream, allowing the region of the first bifurcation
being focused. Such simplification enables the univari-
ate effect of angulations of bifurcation on the haemo-
dynamic performance to be distinguished. Such



simplification could lead to overlook the effect of the
other features such as the geometrical part in the down-
stream on the haemodynamic performance. However,
this negative effect is largely reduced when the realistic
boundary conditions, the pulsatile aortic pressure and
flow rate of the LCA, are applied in both inlet and out-
let of the coronary arteries.

This study focused on the effect of angles between
LAD and LCx on the haemodynamic performance. By
comparing the simulation results from the lesion-
specific model with the results from the idealized model,
it was found that the flow pattern from the lesion-
specific model is different from that from the idealized
model even if they have the similar values of BAs. This
indicates that CFD modelling of the haemodynamic
mechanisms by focusing a single factor is not sufficient
to explain the mechanism of the atherosclerosis forma-
tion. Therefore, a novel modelling technique, allows for
the multiple parameters combining together, is required
to find out the realistic haemodynamic mechanism for
atherosclerosis formation and distribution.

In addition, the arterial vessel wall is assumed as
rigid based on the assumption of the insignificant defor-
mation of arterial wall occurring under the normal phy-
siological condition. Bathe and Kamm?® concluded that
assumption of the rigid arterial vessel wall has no signif-
icant effect on the real results of blood flow perfor-
mance. The assumption of rigid arterial wall might not
truly reflect the mechanical properties of arterial wall
but simplifies the computation dramatically.

Conclusion

In this study, the idealized and patient-specific CFD
models were developed to investigate the association of
the angulation of bifurcation of LCA and the athero-
sclerosis development and distribution. Based on the
simulation results and clinical observations, three areas
around the region of the bifurcation have been identi-
fied as the lesion susceptible regions. It is worth to note
that the lesion susceptible regions identified from both
types of models were highly consistent with clinical
observations which might be clinical significant to car-
diovascular society. The significant correlation between
BAs and the haemodynamic performance, as shown in
the idealized model, was not observed from the lesion-
specific modelling. This finding demonstrated that
CFD modelling, which only focuses on single para-
meter, is not of sufficient and reliable for the clinical
application. We can conclude that lesion-specific CFD
modelling is an efficient and convenient way to predict
the haemodynamic performance around the bifurcation
region, allowing the comprehensive information for the
clinicians to predict the atherosclerosis development.
To assess the univariate effect on the haemodynamic
performance accurately, a novel technique, which
allows multiple parameters combined as a whole, is

needed to provide the reliable and realistic information
for clinical applications.
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