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Abstract: Coronary artery disease (CAD) is stated as one of the most common causes of death
all over the world. This article explores the influence of multi stenosis in a flexible and rigid left
coronary artery (LCA) model using a multiphase blood flow system which has not yet been studied.
Two-way fluid-solid interaction (FSI) is employed to achieve flow within the flexible artery model. A
realistic three-dimensional model of multi-stenosed LCA was reconstructed based on computerized
tomography (CT) images. The fluid domain was solved using a finite volume-based commercial
software (FLUENT 2020). The fluid (blood) and solid (wall) domains were fully coupled by using
the ANSYS Fluid-Structure Interaction solver. The maximum pressure drops, and wall shear stress
was determined across the sever stenosis (90% AS). The higher region of displacement occurs at
the pre-stenosis area compared to the other area of the left coronary artery model. An increase in
blood flow velocity across the restricted regions (stenosis) in the LCA was observed, whereas the
recirculation zone at the post-stenosis and bifurcation regions was noted. An overestimation of
hemodynamic descriptors for the rigid models was found as compared to the FSI models.

Keywords: left coronary artery (LCA); pulsatile blood flow; arterial stenosis (AS); computed
tomography (CT); computational fluid dynamics (CFD); fluid structure interaction (FSI); hemo-
dynamics

1. Introduction

Worldwide, cardiovascular diseases (CVDs) constitute the major cause of mortality
and morbidity. Ischemic heart disease and stroke were the world’s top fatalities for the last
15 years, according to WHO data, with a total 15.2 million fatalities in 2016 [1]. Atheroscle-
rosis, the leading cause of cardiovascular disease, can express itself in a variety of ways,
including myocardial ischemia, hemorrhagic stroke, and peripheral arterial disease [2]. It
is a chronic inflammatory disorder involving multiple cells such as endothelial cells (ECs),
monocytes, and VSMC (vascular smooth muscle cells), monocyte-derived macrophages,
dendritic cells, and regulatory T cells (TREG). Biomedically, it is defined as the existence of
“cholesterol-engorged” (fat) macrophages in arterial atherosclerotic plaques [3]. Endothelial
cells could be activated and in turn release adhesive molecules; ICAM-1 (Inter-Cellular Ad-
hesion Molecule-1) and VCAM-1 (Vascular Cell Adhesion Molecule-1), under the influence
of several factors namely: disturbed blood flow, greater plasma low density lipoprotein
(LDL) compositions, pathogens from bacterial antigens, cigarette smoke (VCAM-1) and
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high blood pressure (HBP). This leads to thrombus formation in large and medium-sized
arteries such as a coronary artery [4-6]. Atherosclerotic lesions tend to deposit at multiple
locations within the coronary artery, and this then results in hemodynamic disturbances
that restrict the flow of blood to the tissues [7] creating a situation of flow impediment.
Disturbed blood flow patterns generate signatures of altered hemodynamic wall loading
that essentially forces the patient to face higher health risks.

Employing computational fluid dynamics (CFD) together with medical imaging
techniques, such as, magnetic resonance imaging (MRI), computed tomography (CT),
and echocardiography has become an efficient tool in the recent past, to investigate the
hemodynamics within multiple stenosed coronary arteries [8]. Moreover, earlier studies
claimed that blood flow, especially in stenosed arteries, cannot be considered a single-phase
homogeneous viscous fluid [7,9,10] and instead employs a multiphase model. The more
realistic multiphase model provides more information, such as, RBC volume fraction (VF),
RBC velocity, viscosity of RBC and plasma [11]. Fewer studies incorporating a multiphase
model while considering a real geometry model from an 8-year-old female patient with a
moderate coarctation of aorta (CoA) [12], idealized geometric arteries [13-15] and pulsatile
blood flow in coronary arteries [11,16] have been reported. Additionally, the mechanism
of atherogenic disease progression is somewhat complex, so the hemodynamic indicators
arising from multiphase modelling serve as bio markers for healthcare providers [17].
Researchers have reported for ideal as well as patient-specific models that the regional
wall shear stress (WSS) and oscillatory shear index (OSI) play a critical and fundamental
role in the progression of atherosclerosis [14,18,19]. These indicators are significantly
linked to the prediction or development of atherosclerosis in arteries as they tend to alter;
the structure of endothelial cell layer in the surrounding tissues, and the relationship
between biomechanical stresses or deformation [20,21]. In a flexible artery, exhibiting
single and double stenoses [22], showed that laminar flow occurs for a 70% stenosis while,
the flow becomes turbulent for 80% occlusion. Additionally, dilation in the arterial walls
in double stenoses was found to be more common than in single stenosis. This in turn,
caused a suppression in the maximum mean WSS value in a double stenosis, compared
to single stenosis. More details of CFD fluid—solid interaction (FSI) studies are available
in the literature [19-21,23-26], respectively. Furthermore, an atherosclerotic condition
develops near bifurcations as well as areas of highest curvature in the arteries, as they
result in blockage of blood supply in the myocardium [23,27]. However, there are no
studies conducted using multiphase blood flow incorporating fluid—solid interactions in a
patient-specific left coronary artery (LCA).

The primary basis of this manuscript is to assess the flow dynamics in a patient-specific
model carrying multi-stenosis. Furthermore, the walls of the artery are assumed to be
flexible and multiphase modelling is incorporated in the artery. The presence of single
stenosis is common in a LCA and has been addressed by several researchers. The existence
of multi-stenosis may occur due to alterations in blood flow owing to the already present
stenosis in an artery. The growth of new stenotic lesions at multiple places are a major
cause of patient fatalities. Additionally, the motivation behind this study is use of the
side branch arteries i.e., LAD and left circumflex (LCx) in the model that other authors
have used to a very limited extent. This study aims to provide more realistic details to
comprehend the blood flow behavior while incorporating wall deformation.

2. Materials and Methods
2.1. Data Acquisition and Processing

The CT data were chosen for a suspected coronary artery disease (CAD) male patient
aged 46, for the development of 3D-left coronary artery (LCA) models. A specific procedure
was followed to obtain clear CT scanned images of the patient. The reorganization period
was set 0.6 mm, and the beam collimation of 0.6 with a pitch of 1.4, a tube voltage of
100 kVp, and a current span between 300 and 650 mAs. The images were reconstructed
axially with a slice thickness of 0.6 mm and an accumulative distance of 0.75 mm. More
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than 400 slices were used to create images in all directions of sagittal, coronal, and axial
planes. The data were acquired in standard DICOM formats, and a realistic 3D left coronary
artery model was reconstructed using CT volume data and image processing software
MIMICS (Materialise HQ Technologielaan 15, Leuven, Belgium), also used in earlier
studies [20,28,29].

The multiple stenoses were conceived as the main objective of the present study.
MIMICS 18 software used to export the CT scan images obtained from the patient. The
left coronary artery model reconstructed was accomplished by identifying appropriate
thresholds ranging from 84 to 630 HU. The left coronary artery was positioned, and the
segmentation procedure was performed as shown in Figure 1a.
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Figure 1. (a) Computed Tomography (CT) images left, right, posterior, interior, and volume rendering
image with actual location of the left coronary artery (LCA). (b) Stereo-lithography (.stl) model
obtained from MIMICS software. (c) Artery wall structure developed in ANSYS.

Furthermore, a pulsatile inlet (Figure 2) was enforced at the model inlet. The pulsatile
inlet velocity is applied at the inlet of the model, the physiology of blood flow in the left
coronary artery was chosen from previously published articles [14,20,30]. Furthermore, an
“outflow” boundary condition was imposed at the respective outlets of the LCA model.
Moreover, the inlet diameter was 3.186 mm, while the left main (LM) length considered in
simulations was 19.11 mm which was sufficient (i.e., six diameters) for the flow to become
fully developed prior to stenosis. Numerical simulations were carried out in a LCA model
for a total of 750 steps. A constant time step of 0.005 s was chosen with 20 iterations in
each time-step. Total calculation time amounted to 3.75 s. The convergence of continuity
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and momentum was considered as 10~*. The results presented in the manuscript were
revealed at the end of the third simulation cycle.
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Figure 2. Inlet pulsatile blood flow in the left coronary artery (LCA) model [20].

2.2. Material Properties

The structural properties of the arterial wall required for establishing FSI simulations
are perceived from Eslami et al. [24]. Moreover, the fluid properties mimicking blood
composed of blood plasma and RBC are adopted from an earlier study [16]. These are

further listed in Table 1.

Table 1. Properties of blood plasma, RBC and structural properties of artery wall [16,24].

Parameters Value
Primary Phase
Density of Plasma (pp) 1003 kg/m?

Viscosity 0.0013 kg/m-s
Secondary Phase

RBC (Red Blood Cells) Density (orpc) 1096 kg/m?
Granular diameter of RBC 8 um

RBC volume fraction 0.45
Coefficient of Restitution, (e) 0.99999
Coefficient of Wall restitution (ey) 0.9999
Coefficient of Specularity (¢) 0.60

packing limit of RBC, (&s)max 0.70

Viscosity model Carreau model
Time Constant (M) [s], 3.313

Index of Power-Law (1) 0.3568

Zero shear viscosity (i)
Infinite shear viscosity (Hoo)

0.056 (kg/m-s)
0.00345 (kg/m-s)

Structural Properties

Artery Wall Density(ps) 1300 kg/m?

Wall thickness 0.5 mm

Young’s Modulus 1.08 (MPa)
Poisson’s ration(v) 0.49

Bulk Modulus 1.8 x 107 (Pa)
Shear Modulus 3.6242 x 10° (Pa)

2.3. Development of 3D Models for Simulation (Computational Fluid Dynamics (CFD) and

Fluid-Solid Interaction (FSI))

Numerical analysis tool ANSYS version 2020R; was used to import the reconstructed
3-dimensional stereo lithographic (.stl) model, as shown in Figure 1b. However, the
FSI model was constructed of fluid and solid domains representing blood and the wall
respectively, later developed using ANSYS, are shown in Figure 1b,c.

The elastic wall of 0.5 mm thickness was generated by referring to the previously
published manuscript [24] using the blood domain volume model. The geometrical details
of the LCA revealed in Figure 3 had dimensions given in Table 2.
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Figure 3. Geometrical details of Left anterior descending (LAD) and left circumflex (LCx) branches
with cross-sectional (CS) planes at stenosis regions of Left Coronary artery (LCA).

Table 2. Geometrical details of actual patient left coronary artery (LCA) model.

Parameters Dimensions

Length of Left Main (LM) 9.91 mm

Length of left circumflex (LCx) 66.27 mm

Length of Left anterior descending (LAD) 82.29 mm

Vessel wall thickness 0.5 mm

Diameter of LM along Inlet 3.186 mm

Diameter of LAD along Outlet 2.168 mm

Diameter of LCx along Outlet 2.823 mm
Area of inlet (LM) 7.9715 mm?
Angulation between LCx and LAD 78.48°

The 3D-blood domain and artery wall models were meshed separately, and their
interface between fluid-solid domain is shown in Figure 4.
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Figure 4. Fluid structure Interaction domains and boundary interfaces.

2.4. Computational Fluid Dynamics (CFD) Model

In this section, the computational fluid dynamics governing equations are discussed
with complete information for the fluid flow system. Commercially available finite volume
software ANSYS Fluent was used in the present study for the CFD simulation. The
simulation is subdivided into many mechanism volumes to be related to finite volume
method. The conservation equation applicable is given [31] as in Equation (1).

o) 4y 4 [ v _
1 (ppu)dV = | V-(I'Ve)dV + [ S,dV (1)
J e o= [eson |

where, p is density, ¢ is a variable fluid property, CV is the control volume, I' is the diffusion
coefficient, and S, is the rate of increase of the property ¢ due to sources.

The volume integral of the convective and diffusive terms (Gauss’s divergence) is
rewritten as,

/V-(a)dV: /n-adA )
cv A

" “"o 1

where, 11-a is the component of vector “a” in the direction of the vector “n” normal to
surface element “dA”. So, the Equation (1) can be written as,

% /p(pdV —i—/n-(p(pu)dA:/n-(l"Vq))dA—l—/S(pdV (©)]
v A A cv

Here, the terms % ( | pod V) represents the rate of change of the total amount of
cv
fluid property. [ n-(pgu) expresses the net rate of decrease of fluid property ¢ of the fluid
A

element due to convection. [ n-(I'V¢) is the net rate of increase of fluid property ¢ of the
A
fluid elements due to diffusion and [ S,dV is the rate of increase of property ¢ as a result
cv
of sources inside the fluid element.
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2.5. Multiphase Blood Flow Model

The results within the CFD field have a well-established principle in the analysis
of multiphase flow. Therefore, the blood was treated as a multiphase abiotic medium
consisting of plasma and RBC, as already specified in Section 2.4. The model preserved the
volume fraction (VF) of all phases equal to one, as shown in Equation (4).

Eplasma +éerpe =1 4)

"

where, “g” is the volume fraction for each phase and the subscripts plasma and RBC are
defined over the resultant of the plasma and RBCs, respectively. Multiphase mixture theory
was used to examine the hemodynamic parameters because this approach is more precise
than the Euler-Euler model as mentioned by an earlier study [32]. Additionally, readers
are requested to refer to the literature by [33,34].

2.6. Continuity Equation for Multiphase Blood Flow

The continuity equations for mixture theory model are given by,

%(pm) +V- (pm‘zn> =0 ©®)

-
. (Z;’?_l e X pg X Vk)
Vi = (6)
Om

Om =Y &k X Pk @)

=
where, Vi, i and gy are the mass-averaged velocity, mixture density and hematocrit of
phase ‘k’ respectively. The sum of all the hematocrits must be given as one for each different
phase as stated in the Equation (4). Hence, it has been shown by Equation (8) as,

Y ek X o =1 ®)

2.7. Momentum Equation

For each phase, “k is the ratio of plasma over RBCs” and then, the momentum equation
becomes,

5 — - — — - T

N - n - = ©)
(ng ) + (P > -V <k21 SkPkar,kar,k>

N
where, n, F and y;, are related to the number of phases, body force and the mixture
viscosity respectively and pu, is generally expressed as,

n

P =Y €k (10
k=1

—
whereas, Vj, i is the secondary phase (k) drift velocity, which is usually notated by equation,
— — —
Vark = Vi = Vi (11)
The drift velocity is active when one of the two phases is created by the particles. In
momentum equations, they are overlooked due to the most negligible impact of buoyancy

forces and external forces such as rotational, virtual mass, electrical, and shear rise on the
blood. The compactness of the blood mixture or blood density is determined by the sum of
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the weighted plasma volume fraction and the viscosity of RBCs that ignore the blood-borne
components of infants, by the following equation:

Pmix = €plasmalplasma + ERBCORBC (12)

2.8. Slip and Drift Velocity

The slip velocity is defined as the velocity of the secondary phase (expressed as ‘p’) rel-
ative to the velocity of the primary phase (expressed as ‘q’) given by the following equation:

— — —
However, the mass fraction can be stated as,

Cp = Kk (14)
Om

— —
Var,p and Vp, are related to the following equation

— — n —
Virp = Vog — Y Ci X Vi (15)
k=1

ﬁ
The relative velocity from literature [35], V), is given as,

S _Tplep—pm) -
V= LTy 16
M o (16)

where, ‘T, is the reduction time of particles, which is given as,

de%
T, = @ (17)
where, d,, and 4 are the diameter and acceleration of secondary phase particles respectively,
“f1” is the drag force applied by the fluid on spherical particles. An interphase drag principle
was introduced for the two components (multiphase) to consider the dragging-by-fluid
force exerted on rigid granular particles. The Gidaspow model [16,36] was adopted for the
drag force induced between RBCs and plasma to validate the densely dispersed RBCs. The
term drag force is generally expressed as below,

fa(rBC,Plasma) = CrBC(URBC — UPlasma) (18)

where, Crpc represents the coefficient of momentum exchanges between the two phases,
which is normally referred by the Equation (19),

3 Cp
Crpc = ~ ‘C«RBCSPlusmaPPlusma|uRBC - uPlasma| (19)

4drpc
Ugrpc and Upy,spm, are the phase velocities of RBC and Plasma respectively, ‘drpc” is
the diameter of RBC, that has chosen to be 8 um by previously published articles [13,14,16].
The Gidaspow model [36] is generally used with the two separate equations for the drag
coefficient for thinned and thick particles.
In case for, egpc < 0.2 then Cp is represented by an equation

24
Cp = e max [R (1+015R,, ) 0.44] (20)

p
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where, R,, is the particle modified Reynolds number and which is expressed as the follow-

ing equation:

Rep _ pPlasmagplﬂsmudRBduRBC — uPlusma| (21)
HPlasma

If in case, “egpc > 0.2”, then the momentum exchange coefficient between phases
“Crpc” is directly expressed by the equation.

2.9. Constitutive Model

The representation of the constitutive model is based on the strain rate tensor “y” and

viscous stress tensor “7” which is expressed by the following equation,

— -\ T
y=VV+ <vv) (22)

The significance of “9” and “z” are expressed by 7y and T respectively as given in
Equations (23)—(25), B

. 1 1. .

¥ = 2H7—\/27.7 (23)
1 1

T:\/ZHT:\/ZTZT (24)

- =
where, VV, V and I1; are the velocity-gradient tensor, velocity vector, and stress tensor
of the second invariant, whereas superscript “T” represents its transpose. For the viscous
fluid, constitutive behavior is given according to the following equation,

T=uy (25)
where, “u” represents the dynamic viscosity of blood. It may be noted that Equations (4)—(25)
have been adopted from literature [14]. In the present study, blood was assumed to be
two separates fluids, and RBC behaves as a non-Newtonian Carreau model. The detailed
rheological properties of blood are given in Table 1. Blood viscosity p (kg/m-s) as a function
of shear rate 7 (in s 1), was considered by the following equation,

(n;l))

H = too + (o = pies) [14 (A7) (26)

3. Artery Deformation Modelling

In above Figure 4, that shows a systematic FSI problem with a solid )5 and fluid
domain (), which are self-governing from each other and interrelate alongside with
common shared interface, l"f,s.

The governing wall deformation of a vessel equation is given as,

%u = -

where p; is the structure density, u represents the solid displacements, & represents the

Cauchy stress tensor and the body forces applied on the structure are represented by b, So,
the stress tensor for an isotropic linear elastic materials becomes,

T=2u e+ Aptr(e)I (28)

where, “A1” and “u;” are the first and second-order Lame parameters respectively, € is the
strain tensor, “tr” represents the trace function, and letter “I” represents the characteristics
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matrix. As we know, for any compressible materials, Lame parameters can be generally
given as a function of the elastic modulus E, and Poisson’s ratio v.

E

HL = m (29)

vE

M= Ty =

(30)

3.1. Fluid-Structure Interaction (FSI) Modelling

FSI coupling was performed by constructing two separate models that comprised
the fluid and the structural domain. In solving the FSI problems, neither Eulerian nor the
Lagrangian formulations were primes to both the domain. Lagrangian equation cannot
handle large deformations for fluid systems, whereas Eulerian formulation compromises
accuracy when applied to the solid domain. Generally, the FSI was resolved using a
standard arbitrary Lagrangian-Eulerian (ALE) formulation [37]. The fluid domain is
permitted to deform arbitrarily in the ALE method so that its boundaries follow the
structural domain’s deformation [38]. These two methods were combined and used to
solve the structural problems by Lagrangian formulation. The fluid domain and structural
domain two-way coupling were attained by using commercial computational software
ANSYS FLUENT and ANSYS Structural (ANSYS Inc., Canonsburg, PA, USA) of version
2020R;. ANSYS Mechanics uses a finite-element method to solve the structural domain,
and ANSYS FLUENT is finite-volume-based software for computational fluid mechanics
analysis. In this research, the fluid and solid are both coupled in a two-way system
and solved iteratively within each specified time step of 0.005 by applying appropriate
conditions at the fluid—structure interface until the system’s residual is lower than a
specified tolerance.

The FSI problems have the conservation of mass and momentum along with the
interfaces [39]. These values are content of the displacement compatibility and traction
equilibrium at I';s,

— —

Ugr = Usr (31)
- —

tf,F =tsr (32)

In the above equations, where u?r is defines the fluid displacement at the interface
and u:r define the solid displacement at the interface in Equations (31) and (32). Similarly,

— —
the forces of the fluid and solid on the interfaces is defined as t; and ¢, r respectively in
Equation (33) is frequently transcribed in stress tensor as,

— -
“NMgr = —TNfr (33)

S

=. — - . . .
where, 0 is the stress tensor, 1 r and 7,1 are the fluid and solid normal interfaces respec-
tively. Equations (27)—(33) have been adapted from previously published articles [20,40].

3.2. Wall Shear Stress (WSS)

The WSS is the most crucial parameter in hemodynamic simulation in vessels. The
endothelial cells were aligned in the direction of blood flows. These are used to calculate
the wall shear stresses in blood vessels. The expression used to calculate the WSS in blood
arteries is given as,

T=ps- =HUy (34)

where, WSS (1) is the wall shear stress in (Pa) and, ¢ is the dynamic viscosity, 3—; velocity
gradient at the wall.
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4. Mesh Independent Study

An automatic meshing algorithm was selected in the first phase to obtain the dis-
cretized fluid-structure domain in ANSYS Meshing. The Tetrahedron mesh method was
used to obtain a smooth and uniform mesh. The fluid domain meshed with 727,223 tetra-
hedral elements and the structural domain with the 157,502 elements. Thus, a total of
884,725 tetrahedral mesh elements were used in the fluid-structure interaction, as depicted
in Figure 4.

Furthermore, the mesh was refined by adding the inflation layers across the interface
between the fluid and structural domains to obtain more precise results in areas near the
artery walls. An independent grid study was also performed, as described in Figure 5.
The simulations were started while considering 213,195 elements, these grids were then
successively increased until the independence was achieved at 884,725 elements. The
pressure value stabilized beyond the chosen grid.

18000

17800

17400 -{
17200

u
17600 \ —m— Grid Independent study\
17000—-
u

Presssure (Pa)

16800 -
16600 \
16400 - LN

16200 | —
16000 -|

T T T T T T T T T T T T T T T T 1
2x10° 3x10° 4x10° 5x10° 6x10° 7x10° 8x10° 9x10® 1x10°

Number of elements
Figure 5. Mesh independent study for pressure along the diastolic condition (0.55 s).

5. Results and Discussion

The numerical simulation of blood flow in the left coronary artery with multiple
stenoses was carried out using multiphase mixture theory. In the current study, hemody-
namic parameters such as WSS, pressure, velocity, etc., were evaluated in the patient’s left
coronary artery and while considering the walls to be rigid and flexible. Subsequently,
the results were then compared. As mentioned earlier, the current investigation aims to
compare the rigid left coronary artery model with the FSI left coronary artery model.

5.1. Wall Pressure

Figure 6 shows the comparison of the wall pressure between the rigid and FSI model
of the left coronary artery at systolic and diastolic phase of the cardiac cycle. The pressure
drop was maximum across the 90% area stenosis as compared to other regions of stenosis.
The maximum pressure drop was found as 100,077 Pa for both the rigid and FSI models,
whereas a slight difference in wall pressure was noted across the bifurcation in both the
models. The pressure drop across the 70% and 80% area stenosis were 11,727 Pa and
10,784 Pa, respectively. Similarly, the wall pressure for the CFD and FSI models of the left
coronary artery was plotted for the diastolic phase of the cardiac cycle. It can be seen
clearly that the wall pressure drop was maximum across the 90% area stenosis present at
the LCX branch as compared to 70% and 80% at the LAD branch. It was found that the
pressure drops to 8871 Pa across 90% of the area of stenosis for the diastolic phase of the
cardiac cycle for both the models. A slight variation across the bifurcation regions was
observed in wall pressure between the rigid and FSI models.
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Figure 6. Wall pressure field in left coronary artery during the systolic and diastolic phase of cardiac cycle for (a,c) Rigid
and (b,d) FSI models.

5.2. Wall Shear Stress (WSS)

Figure 7 shows WSS variation for the rigid and FSI models during the systolic and
diastolic periods of the cardiac cycle. It can be clearly observed that a significant increase in
the WSS was found across 90% of the area of stenosis as compared to 70% and 80% of the
area of stenosis. A slight increase in the WSS for the diastolic phase of the cardiac cycle was
found across the bifurcation regions compared to the systolic phase of the cardiac cycle.
The highest WSS at 90% of the area of stenosis was found in the range 40 to 50 Pa. The
wall shear stress plays a substantial role in evaluating the strength of the artery, and it is
believed that the higher wall shear stress may assist in a rupture of the artery wall. The
overall WSS in the segmented left coronary artery shows a slight variation when comparing
the CFD and FSI models. This can be described by the deformation of artery wall, which
produces pressure waves that promulgate at a finite speed through the arteries, in contrast
to the CFD model with rigid walls which produce instantaneous wave propagation [24].
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Figure 7. Wall shear stress field in the left coronary artery during the systolic and diastolic phase of
cardiac cycle for (a,c) rigid and (b,d) fluid—solid interaction (FSI) models.

5.3. Displacement

Figure 8 represents the wall displacement contours due to the pressure on the wall
in the whole left coronary artery within the FSI model during the systolic and diastolic
phases of the cardiac cycle.

The maximum displacement in the range of 2.28-3.26 microns was found at the peak
diastolic phase of the cardiac cycle. The higher region of displacement occurs at the pre
stenosis region compared to the other region of the entire left coronary artery model. In
systole, the displacement region is like that at the peak diastolic phase, but the maximum
displacement is much smaller in the range of 0.33-1.3 micron.



Appl. Sci. 2021, 11, 11361 14 of 19

Front side view Back side view
Systolic 0.4 s
\‘u-j;:mbnunm
b

23 261

261 228
228 ot

1
196 163
18 e
12 s
ose oss
.. o3
o 00

Diastolic 0.55s
ot e Ospcamers [r—
| oo |
"

3

2
238 238
198 198
158 158 A
119 119
o079 o
040 040

(c) (d)

Figure 8. Projected displacement patterns on wall of left coronary artery (LCA) at systolic flow for
different views—(a) front side (b) back side, and diastolic flow (c) front side (d) back side.

5.4. Velocity Streamlines

Figure 9 depicts the velocity streamline of blood flow in the left coronary artery for
rigid and FSI models during the cardiac cycle’s systolic and diastolic phases. The higher
velocity of blood flow can be found across the restricted regions (stenosis) in the left
coronary artery.

Rigid FSI
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(© (d)

Figure 9. Velocity streamlines of the blood flow field in the left coronary artery (LCA) during the
systolic and diastolic phase of cardiac cycle for (a,c) rigid and (b,d) FSI models.
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It was also observed that a significant increase in the velocity was found for the FSI
model compared to rigid model, across the stenosis region. The higher velocity varied
within 0.78-1 m/s for the rigid wall while a range of 0.45-0.9 m/s was encountered in the
FSI model, along the systolic phase of the cardiac cycle. Similarly, the maximum velocity
in the range from 1.8-2.25 m/s for the rigid model and 1.81-2.26 m/s for the FSI model
was observed during the diastolic phase. A prominent recirculation region at post stenosis
region followed by a bifurcation, was observed.

5.5. RBC Volume Fraction (VF)

The two-phase mixture theory model of RBCs and plasma was primarily simulated
with 45% hematocrit concentration. The volumetric fraction counters of RBC for the rigid
(top) and FSI (bottom) models during the systolic and diastolic phase of the cardiac cycle
is shown in Figure 10 on planes 1-12 revealed in Figure 3. The cross-section plans across
the normal, pre, mid, and post stenosis for 70%, 80%, and 90% of the area of stenosis were
plotted. It was determined that the volume fraction of RBC increases across the stenosis
region for the peak diastolic as compared to the systolic phase of the cardiac cycle. The
volume fraction of RBCs reduces as the velocity was found to increase at the pre stenosis
region compared to the mid and post stenosis region. The wall shear stress across the
stenosis region was increased significantly with increases in the RBCs volume fraction
which can be observed in Figure 10 for both the rigid and FSI models.

Systolic N
Rbe.Volume Fraction
0469
Normal
Region 0.467
1 .2 4 0.465
7 ' 0.463
degree 0.461
0.460
0 4 5 0458
degree 0.456
0.454
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Figure 10. RBC volume fraction across the stenosis with degrees: 70%, 80% and 90% in left coronary
artery (LCA) during systolic and diastolic phase of cardiac cycle within a rigid model (top) and FSI
model (bottom) on planes 1-12.
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6. Discussion

The current study demonstrates the impact of stenosis located at multiple positions
within the left coronary artery (LCA), on hemodynamic indicators. The simulation was
performed in a patient specific left coronary artery model while considering the walls to be
rigid and flexible in nature, through establishing a two—way FSI approach. A multiphase
blood model incorporating a mixture of RBC and plasma is further considered. The results
obtained within a rigid walled is compared against a FSI model and has not been previously
studied. Left anterior descending (LAD) exhibits a stenosis of 70% and 80% while left
circumflex (LCx) encounters a 90% occlusion. The local hemodynamic parameters such
as WSS play a significant role in damaging the endothelial cells located on the inner side
of the arteries. The WSS and another hemodynamic variable cannot be determined non-
invasively. In the past few years, advances in medical imaging techniques such as MR,
CTA, and IVUS have made it possible to differentiate between the wall of the coronary
artery and the undesirable deposition but are limited to find the disturbed flow region
and oscillatory shear stress regions. The variation in the normal physiologic value of WSS
leads to determining the progression and development of atherosclerosis. The simulated
results showed that WSS was significantly higher than the physiological value (50 Pa) in
the presence of stenosis, and the disturbed flow region was noted across the bifurcations
and post-stenotic regions.

The maximum WSS was found across the 90% AS, which was consistent with the
previously published literature. The pressure drop increased across the higher degree of
stenosis as noted in the previous studies. Bifurcation and post-stenotic regions encounter
lower pressure as demonstrated in Figure 6, these are primarily the areas associated
with progression and development of stenosis [27,41]. A notable accumulation of RBC
at the pre stenosed region was demonstrated by current results in Figure 10, consistent
with the previously published literature [13,14] and in turn, essentially contributes to
thrombosis [22,42]. The discrepancies of rigid model results are due to overlooking the
wall motion that subsequently generates pulse that travels within the flexible model (FSI)
which, however, in rigid model is suppressed. Additionally, the contours obtained for
pressure, velocity and WSS are qualitatively similar, across rigid and FSI models. However,
quantitatively; along the throat of 90% occlusion these are different compared to rigid
in the following aspects: (a) the FSI model encounters higher flow velocities during the
diastolic portion of the cycle. At systolic phase a 2% decrease in the velocity is encountered
while along the diastolic phase, a 3.5% increase in velocity is achieved. (b) The overall
pressures based on the average quantity are lower by 5.7% in FSI models due to wall
deformations. (c) Along the stenosis, the WSS values are suppressed by 6.5% in flexible
models (d) Recirculation regions along the post-stenotic region are smaller in FSI models.
The competence of calculating the hemodynamic parameters non-invasively is not only
important for the diagnosis of diseases, but also significant for the development of a
patient’s specific devices to improve the quality of treatment procedure. There are some
limitations of this study that should be addressed in future. Firstly, the wall of the artery
was modeled with the uniform thickness, which is a common assumption reasoned by
previous studies. Secondly, the flow waveform at the model inlet has been adopted from
literature studies [14,20,43] while the outlets are assigned an outflow condition, thus the
simulated results do not reflect the actual physiological condition. Therefore, the flow
and pressure waveforms should be used for that individual patient through a medical
hospital to obtain more realistic and precise physiological conditions. Third, the actuation
frequencies exhibited within the heart owing to exercise and resting conditions of the
patient which has a significant effect on the coronary arteries and the hemodynamic
parameters, were not considered. Lastly, a single patient specific left coronary artery model
has been used in the current study and, so as to reflect the actual physiological conditions,
the study should incorporate more patients and additionally a more complex arterial
network should be incorporated in future studies.
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7. Conclusions

This study explored the impact of various degrees of stenosis located within LAD and
LCX branches on the hemodynamic variables for CFD and FSI models. A more realistic
blood flow in both models was based on mixture of RBCs in the blood plasma, was em-
ployed to study the transport and their interactions. The current numerical simulations
were performed with rigid and two-way coupled FSI models and compared the hemo-
dynamic parameters of multi-stenosis LCA. A distinction of simulation result between
rigid and fully coupled arterial walls revealed not only significant qualitative differences
in WSS distribution, but also notable change in WSS and other hemodynamic features. A
significant variation in the blood flow field and a substantial increase in the WSS were
found across the 90% AS which may increase the risk of stenosis rupture. The significant
increase in the velocity and a recirculation region immediate to the stenosis could lead to
the further progression and development of stenosis. Hence, for accurate WSS computa-
tions, displacement of artery wall results play an important role. Also, the higher severity
of stenosis may require an immediate interventional procedure to cure the disease.
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