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Abstract

The paper utilizes a finite element method to study both the blood flow and atheromatous plaques. Specifically, the COMSOL finite

element package is employed to achieve a fluid model. COMSOL is a powerful finite element tool commonly used in various research

and industrial domains to study multiphysics problems. The focus of the investigation is on the geometric aspects of the atheromatous

plaques. The study considers different forms and arrangements of stenosis, taking into account the irregularities formed by various

shapes of the plaques and the resulting flow patterns. The key findings of the research suggest that the pressure and velocity of blood

flow in the artery are dependent on the presence, position, number, and shape of the atheromatous plaques. This information is

crucial for understanding the impact of these plaques on blood flow dynamics and may have implications for the diagnosis and

treatment of arterial conditions.
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1 Introduction

According to medical survey data, stroke is among the
leading reasons of death worldwide. Ischemic strokes
account for approximately 85 percent of all strokes in
adults. A significant proportion of ischemic strokes are
induced by a jam in an artery responsible for providing
blood to the brain, resulting in a reduction in blood
transportation (ischemia) [18].

The rupture of atherosclerotic plaques is the major cause of
cardiovascular thrombosis events such as stroke and
ischemic attacks [1]. The length of the internal artery can
range from 5 to 10 mm [2, 3]. Mechanical analysis depends
on the precise determination of the range of lengths in
which the vulnerability model is developed. The properties
of wvulnerable plaque are well defined in numerous
pathological investigations [4-7]. Plaques are distinguished
by a large lipid pool surrounded by a thin fibrous cap. These
atherosclerotic lesions can rupture at any time causing an
acute thrombotic reaction.

Owing to the geometrical complexity of atherosclerotic
plagues beside their material constitution diversity,
biomechanical investigations by means of finite element
(FE) methods are employed to examine the stresses and
strains distribution on the wall and plaque under
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physiological loading [8-10]. Up to now, the majority of
investigations were founded on 2D lesion cross-sections
geometries with the lowest luminal area acquired from
histological analysis [11-15], or ex-vivo intravascular
ultrasound (IVUS) images, and lately, in-vivo IVUS
images.

The use of finite elements investigation in the last 5 years
by Chao Liu et al. in the investigation of the effect of carotid
bifurcation stenosis degree on pulsatility characteristics
[22-26]. Azim Azahari et al propose a 3D Model of
Generalized Power Law Blood Flow in a Stenosed
Bifurcated Artery. Norliza Mohd Zain et al use a numerical
Analysis of Blood Flow Behaviour in a Constricted Porous
Bifurcated Artery under the Influence of Magnetic Field.
Shin-Seok et al propose a clinical investigation and
Analysis of atherosclerotic plaque distribution in the carotid
artery[27-30]..

The purposes of this study were as follows: (i) to examine
the model predictability of plaque fracture location
mechanism via a mechanical analysis in vivo, and (ii) to
demonstrate  how the plaque morphology affects
mechanical response by employing finite element (FE)
methods to examine the blood transportation system
parameters in terms of pressure and velocity values for
stenosis [19-21].
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2 Healthy artery and Atherosclerosis

The oxygen-rich blood is conducting to the body's tissues
through the heart by means of arteries, which are the blood
vessels. Thus, every artery is a three-layered muscular tube
covered by smooth tissue, figure 1 shows an example:

» The intima is the central layer, which is covered by a
smooth tissue named endothelium;

» The media, a layer of muscle that allows arteries to
withstand the strong pressures generated by the heart;

* The adventitia, a tissue that connects arteries to

surrounding tissues.
Artery
| Endut‘helium Up\ds,
| e
/ debris -

Healthy
artery /

|

| \
Build-up i ", Smooth
begins /" muscle

blood clot
forms.

¥4
|

Fig. 1. Stage of Healthy artery and Atherosclerosis: (a) Stage of Healthy
artery and Atherosclerosis and (b) 3D representation [5].

3 Numerical modeling

It is considered that the blood has a Newtonian behavior and
that the flow is stationary. The most widely used
mathematical model for modeling flow phenomena is based
on the resolution of Navier-Stokes partial differential
equations (PDE) [23]. The arterial wall is assumed to be
rigid and non-slip. It is supposed that blood is compressible.
As a result, the following Navier-Stokes equations can
characterize a steady laminar blood flow:

z—‘:+(v.V)v= —%Vp+vV2V+f o)
V.v=0 (2)

Where V is the blood flow velocity vector, p denotes
pressure, p represents blood density, v denote the
kinematic viscosity and f refers to the body force term per
unit of mass[25].

3.1 Boundary conditions

Inlets, outlets, and walls are the boundaries of the
computational domain. Inlets are defined with velocity
value or expression. In all the studies of the blood flow, the
very common boundary condition used is pressure on the
outlets. The vessel walls are assumed to be rigid in this
model, with no-slip boundary conditions.
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In real situation with pulsatile nature of blood flow, see Fig
2, the velocity profile was defined at the aorta entrance. This
velocity varies as a function of time according to [20].

In all the computation, a moderate input speed V = 0.6 m/s
is considered, with the condition of non-slip at the interface
to ensure the velocity of the vessel wall equal to the velocity
of the surrounding fluid, and finally a pressure of 15900 Pa
at the downstream that corresponds to normal blood
pressure. The Blood density is set to 1057 kg/m3, [16]. This
framework is utilized for every element of the plaque, as
shown in Figure 3.
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Fig.2 Illustration of the boundary conditions applied to the aorta: (a)

profile of the transverse velocity at the entry of the ascending aorta,
(according to [23]) and (b) boundary conditions at inlet and outlet.

3.2 Geometrical model

The model of the axisymmetric plaque consists of a lipid
core inside and healthy wall, as depicted in Fig 3. The inside
diameter of a healthy arterial lumen is about 3 mm radius
and its length is 20 mm. These dimensions correspond to
the average values of the internal artery [3], which is
modeled as the radius of the vessel. The length of the plate
is between 5 and 10 mm.

In patients with stenosis radius intensity higher than 70%,
this value refers to a significantly larger plate [5, 3] of
successive strokes. Nevertheless, it is commonly assumed
that stenosis radius severity alone is insufficient to describe
plaque weakness, and it has been demonstrated that several
ruptured plaques are just relatively stenosis [1].

Velocity and pressure reference P=15900 Pa
—> computation >
—P — >
—p L 3 mm : >
—Pp A
V=0.6 m/s
> 20mm ——0—m0787 —p

Fig.3 Schematics of the 2D plaque geometric model
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Because thromboembolic occurrences are caused by fibrous
cap rupture, fibrous cap thickness is an essential
geometrical characteristic for plaque weakness. For the sake
of simplification, a thin fibrous cap is regarded to sit the
investigation in a scenario of vulnerable plaque; the fibrous
cap thickness is uniform along the stenosis. Comsol is used
to model the plaque as a basic stenosis with various shapes
[17]. The stenosis is symmetric upstream and downstream.
Table 1 shows how various shapes are fined by various
values.

Table 1 Assessment of discharge coefficient, air core diameter and spray
cone angle.

Scenario | Scenario Il Scenario  Scenario IV
Single double 1] Symmetric
Model stenosis stenosis Symmetri double
¢ Single stenosis
stenosis
Triangular
form A |
Semicircul = s
ar form Ty T
Hyperbolic e I R
Form - — rETS

4. Results and discussions

In this section, the results obtained from the study of the
influence of the form on the speed of flow of the blood and
the arterial pressure will be presented.

4.1 Effect of stenosis form (case I)

The first case of plaque in this investigation is about the
presence of single simple plague. The chosen geometry
were listed in table 1. For the case I, the numerical
computation shows that the maximum blood velocity and
pressure were observed with the triangular stenosis form.
Circular and hyperbolic form presents a low pressure and
velocity, see figures 4 and 5.
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Fig.4 a) Blood velocity for stenosis single form b) pressure value for
stenosis single form

4.1.1 Effect of stenosis repetition form (case 1)

The blood flow in the artery in the case of stenosis repetition
form as shows in figures 6, the value of pressure is different
in the cases study. The pressure diagram shows that the
maximum value is in the triangular form. The low velocity
and pressure were detected in the case of circular and
hyperbolic one.
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Symetric Single stenosis

3 -
2.5 -
2 2 -
£
21.5 -
o
o
g 1-
0.5 -
0 -
Triangular form Semi circle form  Hyperbolic
Stenosis form
a
18000 -
Symetric Single stenosis
17000 -
T
2. 16000 -
g
=3
wv
$ 15000 -
a
14000 -
13000 - T T
Triangular ~ Semicircle  Hyperbolic
form form Form
b Stenosis form

Fig.9. a) Blood velocity for stenosis symmetric form, b) pressure value
for stenosis symmetric form

4.1.3 Effect of stenosis symmetric and repetition form
(case 1V)

The pressure and the flow velocity values stay in the
maximum level in the triangular symmetry form and
repeated form for the last study case.
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Fig.10 a) Blood velocity for stenosis symmetric and repetition form b)
pressure value for stenosis symmetric and repetition form
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b

Fig.11 a) Blood velocity for all the cases of stenosis symmetric and
repetition form b) pressure value for all the cases of stenosis symmetric
and repetition form

For the interpretation of the results, we present the findings
of the simulation of the blood flow in the artery subjected
to different obstacles inside, showing the most important
physical parameters like pressure and the flow velocity.

For pressure, we note that the maximum pressure is found
in the case of the triangular form with an increase when one
repeats the hyperbolic form and it is due to the orientation
of the obstacle, which plays a role of obstacle with respect
to the axis of blood flow. In the velocity computation, the
triangular and circular form presents the maximum values.

To properly interpret the effect of different forms of
stenosis on the velocity and pressure of the blood flow,
curves were drawn for the different cases along the blood
flow, as shown in the following figures:
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In Figure 11; case of circular stenosis, the flow velocity
varies according to a sinusoidal function of a maximum
value of 2m / s an average distance of x = 10mm, on the
other hand for the other cases are close values. The figure
12 of the pressure shows that the curves are descending with
a maximum value of 17000 Pa at the start of the flow.

Single stenosis = Symetric Single stenosis

double stenosis

Symetric double stenosis

25 1

Velocity [m/s]

x[mm]

Fig.11 Distribution of velocity in circular form of stenosis arteries for all
the cases

Single stenosis = Symetric Single stenosis

Symetric double stenosis double stenosis

17500 T
@ 17000 —
e \
o 16500 +
£
2 16000 \—
4 '————-——~\_______~\_——47 =
& 15500 T
15000 : - : |
0 5 10 15 20
x[mm]

Fig.12 Distribution of pressure in circular form of stenosis arteries for all
the cases

In figure 13, the case of hyperbolic stenosis; the maximum
value of the velocity always in the simple shorthand case,
and values almost constant for the other cases. However, in
the figure 14 of the pressure, the maximum values for all
cases are decreased with a maximum value in the double
stenosis case; on the other hand, the value of the double
symmetry stenosis case is almost zero.

https://scholarworks.uaeu.ac.ae/ejer/vol29/iss2/3

double stenosis

Single stenosis

Symetric Single stenosis == Symetric double stenosis
25
2

1.5

Velocity [m/s]

X [mm]

Fig.13 Distribution of Pressure in hyperbolic from of stenosis arteries for
all the cases
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Fig.14 Distribution of velocity Distribution in hyperbolic form of stenosis
arteries for all the cases
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Fig.15 Distribution of velocity in triangular form of stenosis arteries for
all the cases
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Fig.16 Distribution of velocity in triangular form of stenosis arteries for
all the cases

In Figure 15 with the cases of triangular stenosis, the
maximum value of the velocity appeared in the cases of
single stenosis and double symmetry stenosis. However, in
the figure 16 of the pressure, the double stenosis case takes
the initiative with a value of 18500 Pa and increase of very
important value for double symmetry stenosis.

We can deduce from all the computation results that the
stenosis form is one of principal causes of the artery failure.
The presence of the stenosis in the artery increase the blood
pressure and velocity. After the stenosis, the blood pressure
and velocity decrease to normal values. This augmentation
can cause the failure of the artery wall especially when the
artery material behavior change.

Conclusions

Atheromatous plaques take on different morphological
form and lengths that may have a various degree of
weakness. It has been shown in this numerical investigation
that the pressure exerted by the blood on the artery is
independent of the plaque shape and the increased risk
caused by the form of stenosis.

From the results of this study, we note an important remark
that the increase of pressure near the plaque is the most
provocation parameter of artery damage. The pressure in
the artery with a given form is a degree of visible severity
can increase if the stenosis is repeated or if it contains
several obstacles. In vitro experiments on animal models
are nowadays being conducted to determine the prevalence
of various plaque forms and morphologies. In addition, the
work consists in determining how certain geometric
characteristics of the stenosis can be obtained in vivo to the
clinician by medical imaging.
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