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ABSTRACT

A conventional invasive catheterization procedure is currently used to detect atherosclerotic severity in coronary arteries. However, it is still
challenging to measure multiple consecutive stenoses (MCS) in coronary main arteries, a severe condition, by using the invasive method. In
this paper, we report important hemodynamic properties such as wall shear stress (WSS) and velocity magnitude (VM) across different
luminal areas of coronary stenosis in patient-based right coronary artery models of MCS using pulsatile heart flow simulations. The hemody-
namic factors in coronary blood flow simulations of different degrees of stenosis indicated a relationship between the proximal moderate ste-
nosis and distal severe stenosis models. The results show the physical effects of different hemodynamic factors including VM, mean arterial
pressure difference, WSS, and virtual fractional flow reserve (VFFR), which allow for predicting the physiological computation in the MCS
artery severity conditions. This study identifies the fundamental physics of coronary plaque with MCS and indicates the impact of these fac-
tors on VFFR measurements. These findings provide insights into and improvement of the pathophysiological assessment of MCS. The
results reveal hemodynamic properties, which can be used to diagnose coronary irregularities using a visualization method.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0041335

NOMENCLATURE R, Proximal resistance
R, Distal resistance
Cr Capacitor R;+R;  Total resistance
I Identity vector Re Reynolds number
Pais Distal stenotic pressure T Periodic time of the heart flow rate
Ppro Proximal stenotic pressure u Blood velocity
Pyen Venous pressure z(t) Kernel function
P(t) Blood pressure Z(w) Impedance of coronary artery
P(w) Fourier mode of the heart pressure K Dilation viscosity
Q(t) Heartbeat rate u Dynamic viscosity
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v Kinematic viscosity

p Blood density

T Wall shear stress

Vu Gradient velocity vector
I. INTRODUCTION

Performing coronary revascularization of multiple consecutive
stenoses (MCS) in a single main branch of the coronary artery
depends on several factors: narrowness of the lumen, type of stenosis
(concentric or eccentric), and locations of stenosis. Serial stenoses in
the major branch of the coronary artery are affected by the hemody-
namic factors of other proximal or distal stenoses.”” The presence of
proximal moderate to distal severe stenosis or distal moderate to prox-
imal severe stenosis significantly influences the downstream hemody-
namic forces such as the heart flow pattern, wall shear stress (WSS),
velocity magnitude (VM), time-average pressure difference, and
virtual fractional flow reserve (VFFR). It is challenging to functionally
assess MCS in the main coronary artery branch using the prevalent
catheterization method.” The anatomical severity of coronary disease
has been shown to be related not only to the area of coronary stenosis
(ACS) but also to the location, type (eccentric, symmetric, or concen-
tric), and length of the stenosis, which can affect the hemodynamic
properties.”” A series of right coronary artery (RCA) models
have been created by adding single or one stenosis and MCS from
60% to 90% ACS on the baseline patient’s data. In this study, we inves-
tigated the effect of the size of ACS, stenosis length, locations,
types, and hemodynamic parameters. We also demonstrated that VM
and WSS values provide an alternative approach to determining the
FFRct and invasive FFR in this work. These findings can support phy-
sicians in deciding whether to perform a coronary revascularization
procedure.

The coronary main branches supply oxygenated blood to myo-
cardial muscles. Myocardial infarction is a significant risk in coronary
revascularization of ischemia-related coronary lesions.”” Coronary
revascularization can restore patients heart flow physiological
conditions following the noninvasive treatment.” The obstruction of
proximal (moderate) stenosis to distal (severe) stenosis can lead to
interrupted blood flow in regions downstream of the stenosis.” A pre-
vious study demonstrated that a distal stenosis has a trivial effect on
the disturbed flow pattern in the region upstream from the proximal
stenosis in the main artery with 75% ACS. Li et al.'” investigated the
impact of a distal stenosis compared to a proximal stenosis in MCS
RCA models within a coronary idealized model and in an experimen-
tal (in vitro) approach. In this study, we developed a computational
relationship between the hemodynamic properties of distal and proxi-
mal stenoses in patient-based RCA hyperemia blood flow conditions.
We considered four different categories of ACS models: moderate for
60% ACS, severe for 80% ACS, critical for 90% ACS, and in between
moderate and severe for 70% ACS in patient-based RCA models.

Atherosclerosis plaques generally occur near bifurcations and
bending regions of coronary vessels, which results in obstruction of
blood flow in myocardial muscles."' "’ Factors contributing to the
development of atherosclerosis are quite complex in arteries affected
by MCS; therefore, hemodynamic properties can be used to predict
the flow conditions in individual patients."* The blood flow in coro-
nary main arteries with MCS is complex and cannot adequately be
assessed by visual interpretation of the conventional coronary
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angiogram.'” Computational hemodynamic (CH) parameters were
shown in one research study to have an imperative role in assessing
the formation and development of the physiological blood flow condi-
tions in cardiovascular irregularities.'® The authors of this study dem-
onstrated that RCA with or without branches does not affect the
simulation results in the simulation of blood flow in coronary main
arteries. The hemodynamic factors of each stenosis are influenced by
others, indicating the significance of MHD, estimating the CH con-
straints of each coronary lesion.'””'” CH parameters such as VM with
streamlines, WSS, and vFER offer the possibility of analyzing the local
atherosclerotic plaque conditions in the main branch of the coronary
arteries, which is difficult to access experimentally.””*" Previous
research has produced numerical heart flow computational results in a
single stenosis of a coronary artery by using different computer-aided
design (CAD) and computational fluid dynamics (CFD) commercial
tools. Additionally, many researchers have worked on different
approaches (ESI) for heart flow simulation.”” **

Currently, FFR is a measure that is assessed during a wire-based
catheterization procedure, which is the gold standard for estimating
the hemodynamic features of coronary lesions; as a result, this proce-
dure is recommended for making clinical decisions before coronary
revascularization.”” However, the high cost of guiding management
and the risk of an invasive medical operation may impede the use of
FFR measurements in the clinic.”® It is also worth mentioning that
two-thirds of the patients who underwent percutaneous coronary
intervention (PCI) did not need coronary revascularization procedures
in one study.” The clinical FFR is a complex measure, and the test
outcome is not satisfactory in main coronary arteries with MCS. The
numerical blood simulation in the MCS coronary heart flow varies in
the downstream flow due to the spacing between the two consecutive
stenoses and influences hemodynamical magnetic parameters.”**’ A
coronary computed tomography angiogram (CTA) along with
advanced machine learning tools is presently used to produce CH
results that enrich diagnostic assessments by illustrating the functional
response of the hemodynamic properties.” CH parameters such as
VM with streamlines, time-average pressure difference, WSS, and
VEER allow for predicting the physiological heart flow assessment that
can be applied to measure the severity of the coronary lesions.

The boundary condition (BC) is a crucial parameter for assessing
the physiological heart flow physics in patient-based coronary artery
models.”””" The inflow and outflow boundaries critically impact the
results of numerical simulations. Recently, a significant area of focus
has been identifying appropriate BC specifications necessary to capture
unique characteristics of coronary physiology. The lumped parameter
models appropriately mimic diastolic governing flow, in which flow
and pressure waveforms are out of phase due to cardiac contraction.”
In this study, we have introduced explicit periodic BCs along with
lumped features in the patient-based models. The heart pressure and
flow rates are periodic in time, T' = 0.8 s. The periodic cardiac cycle
reflects a patient heart rate of 75 bpm. The explicit lumped parameter
BCs are useful for pulsatile flow computations. The MCS flow pattern
in a single main coronary is more complex than a single stenosis
artery. WSS has a major impact on the endothelial vessel function,
which plays a key role in both atherosclerotic disease progression and
healing of vessels treated by intravascular mechanisms of coronary
arteries.”” ” The WSS gradient measures the spatial differences in
hemodynamic forces on the vessel walls.'*"”
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The purpose of this study is to explore the hemodynamic proper-
ties of different degrees of ACS with MCS in pulsatile flow conditions.
We set up an open-source technique that provides the CH parameters.
The parameters indicate that each stenosis is affected by others in the
main branch of the artery with MCS. We also explored the relation-
ship between the flow rate and WSS distribution in 3D patient-based
models with MCS. The hemodynamic property relationship in the
MCS models produces the proximal severe (80% ACS) stenosis to dis-
tal moderate (60% ACS) stenosis and the distal severe stenosis to prox-
imal moderate stenosis. In practice, it is signified by the pressure ratio
between the coronary artery region distal to the plaque and the ostium
pressure drop across a stenosis during hyperemia, when the coronary
arteries are extensively dilated using adenosine. We observed that the
MCS model produced results for the moderate to severe stenosis mod-
els, which is discussed in detail in Sec. ['V.

Scheme 1 presents the outline of this study.

In the present work, we implemented several methods for patient-
specific heart flow simulations, including medical image (CTA) acqui-
sition, appropriate segmentation, suitable surface generation on 3D
and model reconstruction, consistent mesh generation, computational
simulation, and result analyses. The study is ordered as follows: in Sec.
11, the detailed methodologies are discussed, and physiological BCs and
numerical approaches are illustrated in Sec. 11 In Sec. IV, the detailed
CH results, for instance, the flow pattern, WSS, pressure distribution,
flow rate, and vFFR, are presented on a series of patient-based RCA
models. Finally, conclusions were drawn in Sec. V.

ARTICLE scitation.org/journal/phf

II. METHODOLOGY
A. CTA medical image acquisition

According to 2019 heart disease and stroke statistics provided by
the American Heart Association, cardiovascular disease is the number
one killer in the world. Furthermore, coronary artery disease is an
increasingly important cause of morbidity and mortality in
Bangladesh.” The medical image data acquisition was performed in a
home hospital (SQUARE Hospital, Dhaka, Bangladesh) by following
some of the parameters described in the study by Hoque et al.' The
volume of the dataset used for this study had a voxel size of 512 x 214
x 512.

Target patient characteristics:

Patient: sex—male, BMI—

25.5, and age—67 years Hypertension: yes

Shortness of breath: yes
Diabetes: yes

Previous myocardial infarction: no
Percutaneous coronary
intervention: no

We employed open-source tools”” for the medical image segmen-
tation, model surface creation, construction of patient models, and
heart flow simulations. The hemodynamic heart flow results were

Acquire the CT angiogram images followed by
some clinical parameters and save in DICOM
format

Analyses the numerical simulation and
record the hemodynamic parameters

Import DICOM data in open-source solvers and
examine the data using different views

o

Perform a numerical simulation ]

T

v

Assigned boundary conditions and

Perform path generation, 2D segmentation,
surface and model generation

materials for different domains

&

7 v

.

Generate different degrees of stenosis models ]

v

Import the surface in the model
interface for 3D model
reconstruction

-

Is the
model
valide?

Generate suitable mesh ]

SCHEME 1.

The outline of the study.
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«
;RCA 3D Segmented Model

investigated by utilizing Paraview.” First, the CTA data in the
DICOM setup were imported into the main workbench; see Fig. 1(a).
We adopted the methods described in the previous literature' for RCA
path generation and model segmentation.

B. 3D geometry reconstructions

Generating the appropriate patient-specific geometry is a chal-
lenging task for simulating the pathophysiological heart flow.
Morphological changes in the vascular anatomy are commonly associ-
ated with the clinical diagnosis and calculation of blood flow in major
coronary arteries.”” RCA models with various volumes of plaque are
produced by using a semiautomatic subdivision procedure. In this

scitation.org/journal/phf

FIG. 1. (@) A slice with the aorta and
RCA, (b) rendered volume of the anatomi-
cal view of RCA and aorta, (c) RCA model
path generation, and (d) geometry of sur-
y face generation from the routine CTA
. data, which is based on the previous
literature.'

——

work, a patient dataset with eleven different cases (healthy, single ste-
nosis with different degrees of stenosis, and multiple stenoses with
moderate to critical cases) was studied. It is largely acknowledged that
the coronary artery bifurcation and curving areas are susceptible to the
development of atherosclerotic stenoses. Single and multiple stenoses
were generated with different arbitrary ACS sizes from moderate to
severe stenosis in different locations, particularly in the bending
regions [Figs. 2(b)-2(k)] in the patient RCA models. The ACS is calcu-
lated using the following equation:*’

R NOSi! :
Percentage of ACS = [1 - (ﬁ) } x 100%. 1)

Rnormal

FIG. 2. (a) The healthy patient RCA
model, (b)-(e) a single stenosis with differ-
ent ACS models, and (f)—(k) various sizes
of MCS models.
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Here, Rtenosis and Rpomal indicate the radii of disease and normal
(nondisease) areas, respectively, in the patient model. The RCA con-
tains one inlet, one outlet, and a wall with different sizes of stenosis
areas, as shown in Fig. 2. The surfaces of the RCA models are
smoothed by applying local and global constraint parameters. The
radii of the inlet and outlet of the RCA models are 1.75mm and
0.87 mm, respectively. The total area of the coronary artery wall is
1000 = 200 mm?, and the length of the model is 12 cm.

It has been clinically recognized that eccentric, long symmetric,
asymmetric, and concentric stenoses are often built in the coronary
artery main branches. Waller"' demonstrated that 73% of the athero-
sclerotic plaques in the coronary lumen were eccentric and 27% were
concentric. Figures 2(b)-2(e) show the single stenosis models with
60%-90% ACS, respectively, of the RCA main twig. 60% and 70%
ACS models are eccentric, and 80% and 90% ACS models are long
symmetric and concentric patient-based RCA models. Figures
2(f)-2(k) show the MCS models with the proximal moderate 60% ACS
to the distal severe 80% ACS and critical 90% ACS and the distal mod-
erate 60% ACS to the proximal severe 80% ACS in the RCA models.
The second stenosis [Figs. 2(f)-2(k)] is built from the ostium of the
RCAs, which is also concentric, and the third stenosis [Figs. 2(j)-2(k)]
is considered to nearly be an eccentric stenosis. The outputs are pre-
senting a proportional relation with a noninvasive calculation of vFFR
values and patients’ model ACS severity. Computational simulations
were carried out in these eleven models to mimic the hemodynamic
conditions in both the diseased and healthy patient RCA models.

C. Competitive grid generation

Grid generation is important to facilitate the physical solution of
partial differential equations (PDEs) in the patient models. Finite ele-
ment grid generation provides a concise and comprehensive technique
over bending surfaces and volumes.””* The grid of the geometries
was produced by using a nonstructural mesh with tetrahedral

Discretization in 3D RCA

=]
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elements. The isotropic mesh was specified in the 3D computational
domains with specific parameters, such as global maximum edge size
(0.3 cm, for fine mesh), followed by advanced options for all RCA
models. In the advanced options, we added four boundary layers in
the computational domain wall, an edge element sized 0.35 cm, and a
layer decreasing ratio of 0.8. The total number of meshes in the origi-
nal patient RCA model was approximately 6 = 2 x 10%, Figure 3(a)
shows the magnified views of the important mesh parts of the RCA
model, and Fig. 3(b) represents the mesh convergence test results of
the RCA model.

A mesh independence test for VM was performed for various
mesh densities. The mesh sizes ranged from very coarse (number of
elements: 13 320) to fine (148732 elements). The grid of the geome-
tries was produced by the finite element method. The grid test pro-
duced a 0.85% difference in the coarse grid compared to the smaller
size grid (fine grid).

Ill. FUNCTIONAL BOUNDARY CONDITIONS AND
NUMERICAL SIMULATIONS

Accurate boundary conditions (BCs) are crucial for obtaining
high-quality physiological heart flow simulation in patient-specific
coronary models. Several researchers have used different types of BCs
including analytic BCs, implicit and explicit BCs, lumped parameter
models, Windkessel (WK) models, or low-dimensional models, lead-
ing to multiscale approaches.”**® Du et al."” showed that explicit BCs
produced an appropriate simulation of patient functional blood flow.
Here, we have utilized explicit BCs along with lumped constraints in
the RCA models. Since the human heart rate is almost periodic, we
adopt that the heart pressure and flow are periodic in time, with period
T,

ie,P(x,0) =P(x,T) and Q(x,0) = Q(x,T), ()

where we set up the duration of a single heart rate, T=0.8s.

-10000 10000

Grid independency test

a
®

a
-

Velocity magnitude cm/s
@ @
N »

o
S

48

30000 50000 70000 90000
Number of grids

110000 130000 150000

(b)

FIG. 3. The tetrahedral grid, inlet, stenosis regions, bending, and outlet are shown above. The grid convergence test resulted in several grids (fine, coarse, coarser, and very

coarse) for the RCA models.
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Du et al. illustrated that there is a linear connection between
heart pressure and flow at the outlet of the coronary main arteries dur-
ing the periodic cardiac output. In the Fourier space, the outlet bound-
ary condition satisfies

P(0) = Q(0)Z(w), ®)

where P(w) is the Fourier mode of the heart pressure of P(t) and
Z(w) is the impedance of the truncated coronary artery. The above
equation can be written as

t

[ 2t — Q)AL @

t—T

1
P() =1
where z(t) is the kernel function, which is the inverse Fourier trans-
form of Z(w). We apply the three-element Windkessel (WK) model
for the outflow boundary in the outlet section.

A comprehensive hemodynamic assessment of the interrupted,
the spatial, and the temporal flow patterns may provide more insight
into understanding the development of atherosclerosis and have an
imperative clinical value. However, it is hard to assess local flow pat-
terns and mechanical forces in vivo with adequate accuracy.
Computational models provide a useful tool in that regard."”

A. Inlet boundary conditions

It is crucial that accurate BCs capture the physical blood flow con-
ditions in the vascular 3D models. In this study, we have employed the
inflow velocity profile, shown in Fig. 4(a), for pulsatile flow conditions.
The flow going into the 3D patient coronary models is negative because
the normal vector at the inlet points outwards. The explicit inlet veloc-
ity waveform produces a pulsatile behavior in the arterial domain.

B. Outlet boundary conditions

We have prescribed an outlet pressure waveform, shown in
Fig. 4(b), which is continuous over the outlet face in a weak manner.
By enforcing the integral of the pressure field on that surface, the

0 [inlet velocity profile /\
-

-10 01 02™ Moz fos 05 oot
3
-
£ 60
2
c
3
o
E-110

-160

-210 @)
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pressure waveform must be of a positive value. There are three ele-
ments that WK coronary BCs introduce at the RCA outlet. The WK
model describes the relationship between the heart flow and the pres-
sure at the outlet of the RCA models. The WK three-element model
produces a similar analogy to an electric circuit in Fig. 4(c). In the WK
model, the blood pressure, P(t), agrees with the voltage of the electric
circuit, and the heartbeat rate, Q(t), corresponds to the electric current
and a proximal resistance (R;) model. The capacitor (Cr) utilizes the
viscous resistance and vessel compliance of all the arterial down-
stream of the vascular models and the distal resistance (R,) is the resis-
tance of the capillaries and venous circulation. Du et al. stated that the
heart pressure and flow proportion in the three-element WK model
clearly satisfy Kirchhoff’s law

dP(¢ P
()+ =R,

dQ(t) n Q(R; +Ry)
dt ' R,Cr

5
dt R,Cr ®)

where R;+R, and R; are the total resistance and the characteristic
resistance, respectively.

A modified and explicit lump parameter model, shown in Fig.
4(c), has been used in patient-based models to control the out of phase
nature of coronary flow and pressure conditions. The WK model and
outlet waveform include the intramyocardial pressure, which maintain
the coronary circulation to be out of phase in the systemic circulation.
The resulting models effectively captured typical physiological flow
characteristics of the coronary circulation.

C. Numerical methods

The blood flow in coronary main arteries with MCS is quite
complex and cannot be easily assessed by visual interpretation of
the invasive coronary angiogram. The blood flow simulations are
directed by a set of pathophysiological BCs and parameters in the
RCA models.

Blood flow is considered to be laminar and pulsatile, and the
blood is an incompressible and Newtonian fluid, as generally recog-
nized in large vessels."” The following appropriate rheological con-
straints were applied with density, p= 1060kg/m® and kinematic

155 Outlet Pressure profile

145

=
w
«

=
N
w

Pressure [mmHg]
=
w

105

95

85
0 0.1 0.2 0.3

time [s]
0.4 0.5

)

0.6 0.7 0.8

FIG. 4. (a) Inlet velocity, (b) outlet pressure profiles, and (c) three-element Windkessel models are introduced in patient models for CH simulations. The waveforms imitate the
transient performance of the inlet and outlet pathophysiological states. The images (a) and (b) have been described in the literature.’
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viscosity, v = 3.7736 X 107° m%/s."”"" We also assume that the heart
flow is periodic where the cardiac cycle period is T=0.8 s in the
models.

We know that blood exhibits non-Newtonian behavior in
capillaries or small radius coronary arteries.”’ Several studies have
demonstrated that non-Newtonian and Newtonian blood flow simula-
tion results are similar in the main branches of the coronary arteries."”

The computational results obtained by solving the momentum and
conservation of mass equations, ie., the three-dimensional Navier—
Stokes equations with the continuity for incompressible fluid, are

@Jr (u.V)u+¥ —vAu =0,

5 divu = 0, (6)

where P, u, v, and p are the pressure, velocity vector, kinematic viscos-
ity, and density of the patient’s blood, respectively. For solving the
nonlinear system of PDEs, we impose a set of BCs like no-slip for the
coronary artery wall, outlet pressure, and inlet fluid flow waveforms
(Fig. 4) along with the three-element WK model at the outlet in the
RCA models for CH simulations.

The Stokes relation T = p [Vu + (Vu)T] + (gu — K) (V) (7)

applies to the WSS measure, where Vu, «, and I are the gradient of
the velocity vector, dilatational viscosity, and identity vector, respec-
tively. Lumped constraints are applied for directing the overall outflow
of distal microvascular resistance.
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Finally, the vFFR is formulated by the following equation:

Pgs — P
VvEFR = dis ven (8)

b
pro — P ven
where Pgi; and Py, are time-averaged distal and proximal stenotic
. . 2,52
pressures and Py, is the venous pressure at zero in Pa.””

IV. RESULTS AND DISCUSSION

The heart flow of the VM and WSS values was estimated for vari-
ous degrees of ACS models at definite times and positions of the RCA
domains. The pulsatile waveforms (Fig. 4) introduced hemodynamic
properties in the numerical simulation.

A. Wall shear stress (WSS)

Low and high WSS magnitude values play a driving role in the
formation and development of atherosclerotic plaques in patient coro-
nary arteries.”” The tangential stress gradients compute the spatial var-
iations in hemodynamic intensities of the vascular wall.

Figure 5 shows the differences in WSS magnitude values in the
various models. We observed that the WSS values in the stenosis
regions are relatively higher than those in the unstenosed areas. Figure
5(a) shows the WSS values in the healthy model. It is quite clear that
the WSS magnitudes are very consistent over the vessel wall, and the
values vary from 18 to 25 Pa. Figures 5(b)-5(e) show the WSS results
in the single stenosis models across various sizes and locations of the
RCA domains. In contrast, Figs. 5(f)-5(k) illustrate the WSS values in
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FIG. 5. (a)-(e) The WSS results in the (a) healthy and single stenosis models with (b) 60% ACS, (c) 70% ACS, (d) 80% ACS, and (e) 90% ACS (upper row), respectively.

(f)~(k) The MCS models with moderate 60% ACS to severe 80% ACS in the bottom row.
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the MCS models across diverse sizes and positions of the RCA compu-
tational models. In Figs. 5(b)-5(e), the diseased region exhibits high
WSS magnitudes such that 60% stenosis corresponds to a WSS magni-
tude of 80-90 Pa, 70% to 90-100 Pa, 80% to 100-120 Pa, and 90% to
over 120 Pa in single stenosis domains where the upper or lower
regions of the stenosis show very low WSS values [less than 30 Pa].
Moreover, in the MCS domains [Figs. 5(f)-5(k)], the WSS magnitudes
are more visible in the diseased areas. Hence, the WSS differs consider-
ably in the disease areas compared to the unstenosed areas.

B. Velocity magnitude with streamlines

At the inlet, blood flow is laminar with Reynolds number
Re=1387.45, but in different ACS regions, the Reynolds number
increases in the diseased areas. In the 60%-90% ACS models, the
Reynolds numbers are Re=482.3, 675.75, 954, and 1017.6, respec-
tively. Some researchers”* have indicated that the critical Reynolds
number in the coronary artery is 500. Above the critical number, the
blood flow exhibits turbulent nature.” In this study, it is obvious that
in stenosis areas greater than 60% ACS, the flow could be considered
to be turbulent; however, an additional study is required in these
regions.

Figure 6 represents the VM with streamlines in the RCA models
with various sizes of stenosis. Figure 6 depicts the relative mean flow
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difference in pulsatile heart flow simulations. The VMs are relatively
higher in the stenosis areas than in the unstenosed ones. Figure 6(a)
presents the VM result in the patient model. It is quite clear that the
VM values are the same over the coronary vessel wall, and the values
range from 40 to 45 cm/s. Figures 6(b)-6(e) show the VM outcomes
in the single diseased domains across a variety of sizes of stenoses and
in different positions of the RCA models. Figures 6(f)-6(k) show the
VM with streamline results in the MCS diseased models with different
magnitudes of stenoses and in different positions in the patient mod-
els. In Figs. 6(b)-6(e), the throat (stenosis) region displays a high rela-
tive VM (greater than 300-900 cm/s) in one stenosis model where the
upper or lower stream areas show very low magnitude values (less
than 40-60 cm/s). In the multiple stenosis models [Figs. 6(f)-6(k)], it
is more noticeable that the relative VM is too high in the stenosis areas.
Consequently, the VM results vary distinctly in the diseased areas than
in the unstenosed areas in the RCA domains.

C. Simulation result discussion

In this section, we discuss the numerical comparison results of
the time-average WSS and VM values in the healthy, single stenosis
and MCS models. Figures 7(a)-7(c) represent the WSS and VM
values in the hyperemia flow pattern in the patient healthy model.
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FIG. 6. Comparison of simulation results of the VM with streamlines in (a) the healthy, single stenosis model with (b) 60% ACS, (c) 70% ACS, (d) 80% ACS, and (e) 90% ACS

and the MCS models with moderate to severe stenoses in the bottom row.
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Figure 7(a) shows that the inlet blood flow magnitude is ~43 cm/s and
WSS is ~5 Pa.

Figures 7(b) and 7(c) show that the velocity and WSS magnitudes
are 57 cm/s, 75 cm/s, and 15 Pa, 30 Pa in the proximal and distal ste-
nosis locations, respectively, in the healthy model. The flow in the
healthy model represents a laminar flow pattern in these positions.”
Figures 7(d)-7(g) illustrate the WSS and VM values in the hyperemia
flow pattern in 60%-90% ACS RCA models. We observed that the
WSS and VM values were consistently increasing from the moderate
(60%) to severe (70% and 80%) and to critical (90%) ACS conditions
of the RCA models. More precisely, our simulation results showed
that the wall tangential values (green color in the figures) obtained the
highest values close to the wall as the percentage of stenosis increased.
The highest WSS values were observed for 90% ACS in the single ste-
nosis model.

Figure 8 shows the WSS and VM values of the hyperemia blood
flow condition in the patient-based moderate (60%) to severe (80%)
and to critical (90%) MCS models.

In the proximal 60% ACS and distal severe 80% ACS models
[Figs. 8(b) and 8(c)], the results showed that the VM was 150 cm/s
and 450 cm/s, whereas the mean WSS magnitude was 63 Pa and 140
Pa, respectively.

Figures 8(g) and 8(h) represent the average WSS and VM values
of severe to moderate ACS; the values of velocity were 165cm/s and
310cm/s, and the WSS values were 40 Pa and 105 Pa, respectively.
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These results indicate that the proximal moderate (60%) stenosis and
the distal severe (80%) stenosis in the MCS models are significant for
atherosclerotic disease progression. In contrast, Figs. 8(d) and 8(e) show
the proximal moderate (60%) and distal critical (90%) ACS model sim-
ulation results. In moderate to critical stenosis model simulations, these
figures show that the mean WSS values were 95 Pa and 480 Pa, and the
velocity magnitude values were 180 cm/s and 920 cm/s, respectively.
Conversely, Figs. 8(i) and 8(j) demonstrate the critical to moderate ACS
model simulation results, which display the mean WSS values of 120 Pa
and 580 Pa and the VM values of 210 cm/s and 940 cm/s.

The WSS and VM values of the MCS along with three consecu-
tive stenoses through proximal 60% ACS and 70% ACS and distal
80% ACS, distal 60% ACS and then 70% ACS, and proximal 80%
ACS of RCA models are displayed in Fig. 9. Figure 9(a) depicts the
inlet velocity and WSS magnitude values showing a laminar flow pat-
tern. Figures 9(b)-9(d) illustrate the 60%-80% ACS WSS and velocity
values in the moderate to severe stenoses model. Figures 9(b)-9(d)
exhibit velocities that were 140 cm/s in 60% ACS, 270 cm/s in 70%
ACS, and 450 cm/s in 80% ACS; the WSS values were 75 Pa, 145 Pa,
and 210 Pa, respectively, in the MCS model.

Figures 9(e)-9(g) show that the velocities were 70 cm/s, 230 cm/s,
and 340 cm/s, while the WSS values were 70 Pa, 85 Pa, and 150 Pa in
60%-80% ACS, respectively. Hence, it is apparent that the moderate
to severe or severe to moderate ACS reveals similar outcomes for the
two and three stenosis MCS models.
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FIG. 10. (a)—(f) The numerical comparison results of average WSS and VM distributions between the severe and moderate MCS models and (g) the comparison results of

VFFR.

Figures 10(a)-10(f) illustrate the graphical presentation of our
simulation results. The MCS 60%-80% models show the WSS and
VM values in Figs. 10(a) and 10(b). From this outcome, we could con-
clude that proximal moderate and distal severe (80%) stenosis cases
reveal a higher flow rate and WSS magnitude. In the 60%-80% ACS
stenosis case, we observed the same effect for moderate to severe and
severe to moderate stenosis models. In contrast, Figs. 10(e) and 10(f)
show that proximal critical (90%) stenosis and distal moderate stenosis
are more significant for coronary revascularization. Therefore, the VM
and WSS values introduce an alternative approach compared to the
invasive procedure for coronary revascularization. Figure 10(g) shows
a comparison of the computational results and published studies. In
order to validate the numerical simulations, we compared the vFFR
values of the 90%, 80%, and 70% ACS models with previously pub-
lished research. The vFFR value of the single stenosis and MCS models
is ~0.871 and ~0.783, respectively, which indicate that the MCS mod-
els are very substantial since the VFFR value is less than 0.8. Figure
10(g) shows that the outcomes of this study are similar to the findings
of Konala et al.”® and Kamangar et al.”’ The vFFR results produce
clinically relevant information that is important for coronary
revascularization.

V. CONCLUSION

This work provides a framework for predicting the physiological
response of main coronary flow conditions of MCS by using a

noninvasive method. We have employed appropriate BCs in the inlet
and outlet with a three-element WK model. The pulsatile boundary
profiles produced physiological behaviors in the healthy, single steno-
sis and MCS models. In the MCS coronary models, the proximal mod-
erate and distal severe stenoses produced higher WSS and velocity
values than the distal moderate and proximal severe stenoses. On the
other hand, the proximal critical and distal moderate stenoses have
shown higher WSS and VM than the distal critical and proximal mod-
erate stenoses. These findings, proximal stenosis severity being more
harmful than that of distal stenosis, may provide fundamental under-
standing of the impact of hemodynamic properties on coronary artery
disease measurements. This understanding could provide insight into
improving the pathophysiological assessments of MCS models. The
results reveal CH factors that may be useful to physicians for diagnos-
ing coronary abnormalities using a method of visualization. We hope
that the results are feasible for clinical applications; however, there are
some limitations to this procedure, which require additional studies.
This noninvasive, low-risk, and less expensive technique could be uti-
lized to predict the severity of coronary artery diseases.
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