APPLICATIONS OF

ARQII MODELLING AND SIMULATION

Publication

http://arqiipubl.com/ams eISSN 2600-8084 VOL 8, 2024, 121-131

Numerical Analysis on the Hemodynamic Effects of
Asymmetric Stenosis at High Heart Rate in the Left
Coronary Artery Bifurcation

Asif Equbal” and Paragmoni Kalita

Department of Mechanical Engineering, Tezpur University, Assam-784028, India
*Corresponding author: asifraj321@gmail.com

Submitted 29 January 2024, Revised 08 April 2024, Accepted 20 April 2024, Available online 16 May 2024.
Copyright © 2024 The Authors.

Abstract: The branches of the left coronary artery are more critical compared with the right counterpart from the perspective
of atherosclerosis and associated heart diseases. Most of the preceding research works studied axisymmetric stenosis shapes
in coronary artery bifurcation. However, recent studies indicate that coronary artery blockages are often asymmetric in
structures. The present work carries out a novel numerical investigation on the effects of asymmetric degree of stenosis (DOS)
having the more typical cosine shape by considering the branches of the left coronary main (LCM) artery, namely, the left
circumflex (LCx) and left anterior descending (LAD). The results are analysed to correlate the influence of stenosis in LCx
and LAD to the disease severity and progression in terms of hemodynamic parameters including wall shear stress (WSS)
profiles, oscillatory shear index (OSI), and pressure drop (PD). The computations reveal that WSS attains lower values over
wider regions in the post-stenotic regions in LAD compared with LCx. The values of OSI in the LAD are also higher compared
to LCx in all the cases. The peak value of the OSI decreases with the increase in the DOS. However, for higher stenosis degrees,
the prominence of OSI is observed even at larger distances in the post-stenosis region. At a given DOS, PD is more in LAD
compared with LCx. These effects are found to increase with DOS.
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1. INTRODUCTION

In recent years cardiovascular disorders have emerged as the leading cause of death worldwide. About 17.9 million individuals
died from cardiovascular disorders in 2019, with heart attacks and strokes accounting for 85% of these occurrences [1]. The
coronary artery is the blood vessel that supplies sufficient quantity of oxygenated blood to the heart for its proper functioning.
The accumulation of plaque in the coronary artery narrows the cross-sectional area of the blood vessel, which in turn lowers
cardiac blood flow. The accumulation of atherosclerotic plaque may cause heart dysfunction and death [2,3]. The development
of medical imaging technology has been extensively used in recent decades to diagnose atherosclerosis. However, other than
for phase contrast, it could not give comprehensive hemodynamic information for arterial abnormalities. Computational
modelling in conjunction with medical imaging could offer a promising alternative for addressing these kinds of problems [4].
Therefore, computational fluid dynamics (CFD) can be a very useful tool for the analysis and prediction of disease progression
due to atherosclerosis.

Several research findings indicate that the structure and function of coronary arteries can exhibit considerable variation as
a result of hemodynamic forces. The constant contact of the endothelium layer and the luminal surface with blood flow gives
rise to hemodynamic shear forces. Stenosis initiates and progresses when these hemodynamic forces are insufficient to
maintain the physiological threshold [5]. Chaichana et al. [6] postulated that in terms of atherosclerosis and heart diseases, the
left coronary main (LCM) and its branches were more crucial than their counterparts on the right side. Various studies have
been reported to link atherosusceptibility in coronary artery trees with different hemodynamic parameters [7-9].

Several studies have been reported in the literature on the hemodynamics through standalone arteries with axisymmetric
or asymmetric stenosis. Ang and Mazumdar [10] studied mathematical simulations of blood flow via an artery with asymmetric
stenosis. Frattolin et al. [11] numerically investigated the effects of axisymmetric stenosis severity and locations on the flow
distribution and WSS of the LCM, LCx and LAD branches. Kamangar et al. [12] investigated the influence of axisymmetric
stenosis on the hemodynamics of patient-specific left coronary arteries. Song et al. [13] performed a CFD analysis of a
transient model of coronary artery bifurcation with axisymmetric stenosis of various severities, lengths, and heart rates. Tian
et al. [14] performed a numerical simulation for a two-dimensional (2D) straight artery with asymmetric stenosis on the lower
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wall for both steady and pulsatile inlet velocity conditions by using the Carreau Yasuda model. Sood ef al. [15] studied the
effects of heart rate (HR) on the space- and time-dependent variations of WSS and OSI by considering axisymmetric as well
as asymmetric forms of stenosis on straight arteries. Thomas ef al. [16] presented a patient-specific study of hemodynamics in
a Coronary Artery with asymmetric stenosis. Timofeeva et al. [17] carried out a CFD study on the effects of different degrees
of asymmetric stenosis and eccentricity on the hemodynamics of a stand-alone LAD artery.

Many studies have investigated the impact of hemodynamic parameters on atherosusceptibility in coronary artery
bifurcations, primarily focusing on axisymmetric stenosis. However, research on asymmetric stenosis has largely been limited
to individual arteries, neglecting comprehensive analyses. Notably absent from the literature are numerical studies
investigating the hemodynamic impacts of varying degrees of asymmetric stenosis in artery-tree models encompassing the
LCM and its primary branches. Specifically, there is a lack of comparative analyses regarding the effects of varying degrees
of asymmetric stenosis in LCx and LAD arteries. Additionally, recent attention from researchers has been drawn to sudden
cardiac arrests and fatalities occurring during strenuous physical activity among individuals with known or undiagnosed
cardiovascular conditions [18-20]. A HR of 120 beats per minute (bpm) signifies high-intensity exercise conditions.
Particularly, the flow rate per cycle was held constant across heart rates of 75, 100, and 120 bpm [13]. At 120 bpm, the
maximum velocity within the cycle is highest due to the shortest cycle time, leading to the highest peak WSS. Additionally,
peak OSI values are elevated due to vortex shedding in the post-stenotic region [21]. The present study's primary contribution
lies in providing a direct relative assessment of the severity of disease resulting from asymmetric stenosis in LAD and LCx
arteries under high HR conditions. It may be noted that the bifurcation zones facing the flow separators are susceptible to
atherosclerosis progression [22—24]. Hence, this study employs numerical analysis to examine pulsatile blood flow through
the left coronary artery tree by considering different degrees of asymmetric stenosis in the LCx and LAD branches at a heart
rate of 120 bpm. Extensive numerical investigations are carried out to analyse the effects of degree of stenosis (DOS) on the
potential disease progression by correlating with the important hemodynamic parameters including WSS, OSI, and PD.

This paper is organised into five sections. The methodology, including the numerical methods and validation of the
methodology, are explained in Section 2. The hemodynamic parameters analysed in the current study are presented in Section
3 before presenting the results and discussion in Section 4. Concluding remarks are made in Section 5.

2. METHODOLOGY

2.1 The Geometrical Modelling of the Present Study

A 2D model of the left coronary artery and its branches is constructed from data available in the literature [25,26]. The relevant
geometrical details of the artery and its branches including the different vessel diameters, lengths and the angles are presented
in Figure 1(a). The stenotic constrictions may take any geometrical shape [27]. However, in our study, the more typical and
realistic cosine-shaped stenosis is considered for the LCx and LAD branches [28,29]. The starting location of stenosis is
considered at 1.5 mm from the bifurcation point [13]. Medical observations suggest that the length of the plaque in the coronary
artery varies from 1 to 3 times the vessel diameter [30]. Accordingly, the length of stenosis is taken as 6.28 mm. Here four
different degrees of stenosis, viz., 30%, 45%, 60%, and 75% are considered for both vessels under the study. These are
represented in Figure 1(b) and Figure 1(c). The % DOS is evaluated based on the ratio of diameter at the stenosis and normal
regions [31] as given in Equation (1).

pos = (1 —M) x 100 (1)

normal

where Dyjocrage @nd Dpormar are the diameters of the artery at the stenosis and normal regions, respectively. From Figure 1(a)
it can be worked out that the stenosis centres are located at X' = X'’ = 4.64 mm both in LCx and LAD.

2.2 Governing Equations

Mathematical modelling of blood flow is quite challenging because blood changes its viscosity with the shear rate, the arteries
are not rigid, and the flows are pulsatile and potentially turbulent in some cases. Accounting for all the complexities of blood
flow makes the analysis highly complicated. Accordingly, some reasonable simplifications in the modelling are called for.
The peak Reynolds number, resulting from pulsatile blood flow, occurs at the largest vessel diameter under maximum flow
conditions during each pulse cycle. This is determined as follows:

pDv _ 1060X4.5X1073x0.345
I 0.00345

Re =

=477 ©)

where, p, D, v, and u are the blood density, diameter of the left coronary main artery, the maximum velocity during the pulse
cycle and high-shear-rate dynamic viscosity of the blood respectively. Therefore, we rationalise the model by considering the
flow to be laminar. Additionally, the blood flow is modelled as homogenous, incompressible, and non-Newtonian with
negligible body force [5,28,32]. Under these assumptions, the continuity and momentum equations governing the blood flow
through the artery can be represented as follows:

V.U=0 3

a(pU)
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Figure 1. 2D model of left coronary artery and its branches: (a) Without stenosis, (b) With stenosis in LCx vessel, (¢) With
stenosis in LAD vessel.

where U is the velocity vector, p is the density of blood with a value of 1060 kg/m3 [27,32], p is the pressure and T is the
viscous stress tensor. The Carreau viscosity model is used in our study due to its high accuracy in the computation of blood
flows through arteries as suggested by [33]. The corresponding constitutive equation is written as [34]

1= o+ (o — o)1+ AP 7 5)

where p is the blood viscosity, y is the local shear rate, 4 is relaxation time, n is the power index, and u, and u,, are the
viscosity at zero and high shear rates, respectively. The values of all four coefficients for human blood are taken from [33].
The relationship between stress tensor (T), viscosity (i), and shear rate tensor (D) is given by [34]

T=2u(y)D (6)
ou 1 /0ou ov
ox Gt 3
where D = 173
gy
2 (ay ox ay

2.3 Boundary Conditions

Several research works in the past decades considered the steady-state model for blood flow in the arteries. However, pulsatile
blood flow is considered a more realistic model for hemodynamics study [35]. Thus, in the present work, the pulsatile boundary
conditions for exercise conditions are applied at the inlet and outlet. Here the waveforms for 120 bpm are taken from [13]. The
velocity form thus obtained applied as velocity inlet boundary condition is shown in Figure 2(a). The pressure outlet boundary
condition is applied with the corresponding pulsatile pressure variation, as shown in Figure 2(b). The arterial wall is considered
to be rigid, and the no-slip condition is applied to it. This is a reasonable assumption because coronary artery problems
generally develop with ageing as the artery walls become stiffer and tougher [27].

2.4 The Numerical Schemes, Grid and Time Step Independence Studies

The commercial finite volume CFD package ANSYS Fluent (ANSYS® Academic Research [Fluent], release 14) is employed
in the present investigation. The flow domain is discretized with a quadrilateral grid using the face-meshing technique built
into the ANSYS meshing tool. The meshes in the bifurcation zone and stenosis region are refined to capture flow physics
accurately as shown in Figure 3. The convective terms in the momentum equation are computed using a second-order upwind
technique, whereas the pressure is calculated using a second-order discretization. The Semi-Implicit approach for Pressure-
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linked Equations (SIMPLE) approach is used to couple pressure and velocity fields. The maximum time iteration per time step
is assigned as 10 and the residuals of all variables are set to10~° for the convergence of the results. Figure 4(a) plots the
velocity profiles on a cross section at an axial location of 2 X D after the post-stenosis region in LCx for different grid sizes
with 60% DOS. Four different grid sizes with 4971, 9528, 17335, and 32637 cells are tested. The mesh independence is
attained with the grid having 17335 cells. The same grid is now considered for the time step independence study. Four different
time steps (0.01, 0.005, 0.001, 0.0005) are used to check the unsteady simulations, which are shown in Figure 4(b). It shows
that the time-step independence is attained for the time step of 0.001.
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Figure 2. Pulsatile waveform for 120 bpm: (a) Velocity inlet, (b) Corresponding pressure outlet.
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Figure 3. Mesh of the artery model.
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Figure 4. LCx vessel with 60% stenosis: (a) Grid-independence study, (b) Time-step independence study.
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2.5 Validation of the Numerical Model

The validation study consists of steady blood flow through a straight artery with asymmetric stenosis [28]. The simulations are
carried out using the numerical schemes stated in Section 2.4. Figure 5(a) and Figure 5(b) compare the wall shear stress and
wall pressure variations, respectively, of our work with the results of [28]. The results of the present numerical simulation are
found in excellent agreement with the reference results.
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Figure 5. Validation of the present model with Zhou et al.'s work for 75% degree of stenosis: (a) Wall shear stress variation,
(b) Wall pressure variation.

3. HEMODYNAMIC PARAMETER OF THE STUDY

To understand the pathological issues and their diagnosis for stenosed arteries we must deal with the factors which severely
affect the dynamics of blood flow. The important hemodynamic parameters relevant to the health of vascular tissues are
discussed here.

3.1 Wall Shear Stress

Wall shear stress (WSS) is the tangential force of the blood acting per unit area on the wall of the vessel due to the flow. It is
calculated as the product of viscosity and velocity gradient at the wall [36,37] shown in Equation (7).

WSS = u (%t)n:o 7

where u; is velocity component tangential to the arterial wall, 1 is the distance normal to the wall, and p is the dynamic
viscosity of the fluid at the vessel wall. Regions with WSS less than 1 Pa are considered to be athero-prone sites as the
endothelial function is significantly affected in such areas [22,38].

3.2 Oscillatory Shear Index

It is a dimensionless hemodynamic parameter developed by [39], which is calculated based on the ratio of time-averaged
magnitude of the WSS vector and the time-averaged wall shear stress vector (TAWSS). It signifies the alignment of the WSS
vector with the TAWSS during the cardiac cycle [40]. In other words, OSI signifies the cyclic deviation of the wall shear stress
vector from its predominant axial orientation, The OSI is determined by Equation (8).

ol =11 - e ®)

Tmean

where Typeqn 0r TAWSS and 7,,,4 are presented in Equations (9) and (10), respectively.

1 T
Tmean = TAWSS = =[x, | dt 9)

Tiag = | Jy ITwdt]| (10)

Here |t,,| is the magnitude of instantaneous WSS in N/m? and T is the pulse period in seconds. The value of OSI lies between
0 to 0.5. A value of 0 indicates that the WSS vector has no cyclic deviation, whereas a value of 0.5 indicates that the WSS
vector has a 180° deviation or purely oscillatory flow. A high value of OSI particularly greater than 0.3 creates a favourable
environment for the development of atherosclerosis [23].
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3.3 Pressure Drop

Pressure Drop (PD) is a crucial metric in the hemodynamic study of a coronary artery system. The pressure inside the artery
drops significantly because of plaque formation. The pressure drop across the plaque helps to identify the severity of the
stenosis [41]. The widely-used clinical parameter fractional flow reverse (FFR) also works based on the pressure drop principle
[22]. It is calculated by Equation (11).

PD = Pop ~ Pep (1D
where py,, is the pressure at the beginning point of the stenosis and pe,, is the pressure at the endpoint of the stenosis.

4. RESULTS AND DISCUSSION

The simulations are performed for three cardiac cycles to minimize the cyclic inaccuracies in the results. Accordingly, in the
present work, all the results on spatial variations of the hemodynamic parameters are presented at the end of the third cycle as
suggested in the references [32,42]. The computer used for the present simulations has a configuration of 4 cores and 8 threads
with a base clock speed of 3.19 GHz. Figure 6 represents five stages of the heart cycle, namely, end-systole, early diastole,
peak diastole, end-diastole, and early systole on a plot of average velocity at inlet vs time for a heart rate of 120 bpm.

Figures 7(a)-(e) plot the x — velocity streamlines of the LCx and LAD vessels at different instants of the heart cycle for
75% of stenosis in each branch. A close inspection of the plots reveals that recirculation zones are generated on the upstream
and downstream ends of the plaque with negative velocities in both branches at all stages. In both the vessels negative
velocities appear for all DOS. The minimum velocities in LAD are lower than corresponding values LCx in all cases. The
lowest velocities of —0.135 m/s and —0.139 m/s are attained just downstream of the stenosis at the peak diastole stage for
LCx and LAD, respectively. These recirculation zones with negative velocities are highly athero-prone sites as negative wall
shear stresses are developed in such regions. On the other hand, the maximum velocities of 0.452 m/s and 0.449 m/s are
observed at peak diastole both in the case of LCx and LAD, respectively. At this stage, large circulation zones with vortex
shedding are observed in the post-stenosis regions in both branches. This can be attributed to a jet of high velocity experiencing
a sudden enlargement of the flow area. The vortex shedding results in the formation of alternating low-pressure zones
downstream of the stenosis, which results in wavering forces on the fluid body. This in turn will lead to time oscillation of the
WSS, further having the potential to cause elevated levels of OSI. Smaller recirculation zones are created for higher velocities
at other time instants of the pulse as well. A similar observation was noted by [15] in the case of a straight artery.

Figure 8 displays the WSS variations at the different degrees of stenosis in the LCx and LAD vessels. It demonstrates that
WSS approaches its peak just downstream of the stenosis centre. The peak value of WSS increases with the increase in degree
of stenosis both in the cases of LCx and LAD. In LCx, the maximum computed WSS is 10.42 Pa at 75% DOS at 6.14 mm
from the bifurcation point along the vessel, i.e., at X' = 6.14 mm (Figure 1(a)). On the other hand, the maximum value of WSS
attained in LAD is 11.56 Pa at the same DOS and HR at 6.84 mm from the bifurcation point, i.e., at X" = 6.84 mm (Figure
1(a)). However, sharp drops in WSS are observed just on the upstream and downstream sides of the peak-WSS location, owing
to disturbances to flow caused by the flow constriction. Our study shows that negative WSS is reached at all degrees of stenosis
in LCx and LAD. At all degrees of stenosis, the lowest values of WSS in LAD are lower than the corresponding ones in LCx.
The minimum value of WSS registered in the LCx and LAD are -0.49 Pa and -0.67 Pa downstream of the plaque at 75% DOS.
These zones of negative WSS are caused by the strong recirculation zones created in the flow field due to the flow obstruction.
It can be inferred from the analysis of WSS profiles that LAD is more prone to faster disease progression than LCx for all
DOS, owing to lower values of WSS attained in wider areas of the post-stenotic region.
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Figure 6. Stages of a heart cycle.
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Figure 7. x — velocity streamlines for 75% degree of stenosis at different instants of a cardiac cycle for the LCx and LAD
branches: (a) End-systole, (b) Early-diastole, (c) Peak-diastole, (d) End-diastole, (¢) Early-systole.
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Figure 8. Spatial wall shear stress (WSS) variation for different stenosis degrees: (a) LCx, (b) LAD.

Figure 9 displays variations of OSI at the different degrees of stenosis in LCx and LAD. In all the cases, prominent
fluctuations of OSI are seen with local peaks near the stenosis centres and circulation zones caused by the vortical structures.
The highest value of OSI in LCx and LAD are found to be 0.48 and 0.49 respectively at 45% DOS. For all the other cases, the
highest values of OSI in LAD and LCx are equal at corresponding DOS. Further, it is observed that though OSI drops
drastically just downstream of the stenosis, it again increases at the distal regions, particularly for 60% and 75% DOS.
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Additionally, the rises in OSI values downstream of the stenosis in LAD under such conditions are more than in LCx. This
observation is in harmony with the streamline contours presented in Figure 7. Jahromi ef al. [43] postulated the development
of secondary plaque at a region distal to the post-stenosis area for symmetric plaques. The present findings corroborate this
theory for asymmetric stenosis as well. Figure 10 shows the pressure variations along LCx and LAD at various degrees of
stenosis. The pressure variation follows the same pattern for both branches, where a point of minimum pressure is observed at
60% and 75% DOS, followed by a region of an adverse pressure gradient. Figure 11 plots PD across the stenosis for both
vessels under different degrees of stenosis. It is observed that PD across the stenosis is more for LAD compared with LCx at
all degrees of stenosis. Further, PD increases with increasing DOS. This is in good agreement with the findings of [16]. It is
also noticed that the PD variations between LAD and LCx are higher at severe stenosis, especially at 60% and 75% DOS.
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Figure 9. Spatial Oscillatory shear index (OSI) variation for different stenosis degrees: (a) LCx, (b) LAD.
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Figure 10. Pressure variation across the plaque for different stenosis degrees: (a) LCx, (b) LAD.
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Figure 11. Variation of pressure drop between the beginning and end points of the plaque for different stenosis degrees in the
LCx branch and LAD branch.
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5. CONCLUSION

In this study, numerical simulation and analysis are carried out for 2D pulsatile flow through the left coronary artery bifurcation
with asymmetric stenosis in the left circumflex (LCx) and left anterior descending (LAD) arteries. Different degree of
asymmetric stenosis with 30%, 45%, 60%, and 75% are considered for the study. Extensive simulations are carried out to
analyse variations of hemodynamic parameters like wall shear stress (WSS), oscillatory shear index (OSI), and pressure drop
(PD) across the plaque for different degrees of stenosis at a heart rate of 120 beats per minute (bpm). The study demonstrates
the formation of vortex-shedding in the post-stenotic region in both vessels, indicating the possibility of regions with low WSS
and high OSI. In LCx, the maximum computed WSS is 10.42 Pa at 75% DOS, whereas the corresponding value in LAD is
11.56 Pa under the same DOS. At all degrees of stenosis, the lowest values of WSS in LAD are lower than the corresponding
ones in LCx. The minimum value of WSS registered in the LAD is -0.67 Pa at 75% DOS whereas the minimum value of WSS
registered in LCx is -0.49 Pa at same DOS. Even for 30% DOS, the lowest values of WSS in LCx and LAD are found to be -
0.02 Pa and -0.12 Pa respectively. indicating that LAD is more prone to faster disease progression in the earlier phase of plaque
formation. Although the maximum value of OSI decreases with the increase in the DOS, elevated levels of OSI are found in
the distal regions, especially for higher DOS (60% and 75%), indicating susceptibility to the progression of secondary plaque
formation. The maximum value of OSI in LAD and LCx are found to be is 0.49 and 0.48 respectively at 45% DOS. The PD
increases with increasing in DOS. For a given DOS, the adverse effects are found more severe in the case of LAD than in the
case of the LCx. Thus, based on observation we can conclude that a person having a blockage in the LAD branch experiences
more cardiovascular risk compared to the same blockages in the LCx branch. The present work bears implications in real
clinical applications. However, the scope remains to extend the study to incorporate more complex aspects like three-
dimensionality and fluid-structure interactions, which may open up further avenues related to the hemodynamics in stenosed
arteries.
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