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Abstract

Numerical fluid biomechanics has been proved to be an efficient tool for understanding vascular
diseases including atherosclerosis. There are many evidences that atherosclerosis plaque formation
and rupture are associated with blood flow behavior. In fact, zones of low wall shear stress are vivid
areas of proliferation of atherosclerosis, and in particular, in the carotid artery. In this paper a model
is presented for investigating how the presence of the plaque influences the distribution of the wall
shear stress. In complement to a first approach with rigid walls, an FSI model is developed as well to
simulate the coupling between the blood flow and the carotid artery deformation. The results show
that the presence of the plaque causes an attenuation of the WSS in the after-plaque region as well
as the emergence of recirculation areas.
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Introduction

Cardiovascular Accidents (CVAs) cause the death of approximately 6.2 million people per
year, according to the World Health Organization [1], and the understanding of how these diseases
operate is nowadays a major issue. CVAs are caused by the presence of a clot in the arterial system,
87% of the cases, or by hemorrhages [2]. It is a medical emergency with usually a fatal outcome. One
of the major causes of brain CVA’s is the carotid atherosclerosis.

Vulnerable plaque is a complex concept [3]. The determination of active plaques remains a
clinically relevant topic. As explained by Lafont, the definition of vulnerable plaques includes, in
addition to plaque rupture, the plaque erosion, calcification and lack of healing [4]. A variety of
parameters can predict a vulnerable plaque [5]. The conventional pathological and imaging markers
include intima-media thickness [6], plaque erosion [7,8], thickness of fibrous cap, size of lipidic core
and the presence of inflammation along with various biological factors [9,10].

While increasing degree of stenosis can cause the vessel to obstruct, sites with <50% diameter
stenosis are the most useful for the detection of vulnerable plaque [11]. The presence of the
atherosclerosis plaque, usually in regions of high curvature, led to a widely accepted hypothesis
that local loads from hemodynamics play an important role in atherogenesis [12]. It also causes
alterations to the systemic behavior such as perturbations to the flow, stress distributions at the
wall and particularly the Wall Shear Stress (WSS). In other words, hemodynamics influences the
progression of atherosclerosis and its devastating end, i.e. is the plaque rupture.

The effect of the WSS has been investigated by many authors. For many decades, it was believed
that atherosclerosis plaques grow in regions where the arterial wall is damaged by high shear caused
by blood flow [13,14]. Nevertheless, since the 1960's, authors started to suggest the contrary [15-
18]. The development of medical imagery as well as the advancement in the numerical capabilities
allowed researchers and clinicians to approach the vascular biomechanics from a different angle
[12].

Few studies have established 3D numerical models for diseased Carotid Artery (CA). A study
performed by Tang, et al. [19], was the first attempt to investigate the effect of material properties on
the stress distributions in an atherosclerosis plaque, using a 3D FSI model. Li, et al. [20] examined
the criticality of the fibrous cap thickness by simulating the interaction between blood flow and
a stenosed artery under the assumption of Newtonian flow in a simplified geometry. Realizing
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accurate simulations of hemodynamics consists of the resolution of
the Navier-Stokes equations under suitable boundary conditions in
an appropriate domain. Recent studies continue exploring the effect
of modeling parameters on the results observed in vascular numerical
simulations. The inlet and outlet boundary conditions, the viscosity
law for the fluid as well as the constitutive law for the arterial wall
have been discussed by several authors [21-26]. Concerning the CA,
and in order to assess the risk of plaque rupture, early researchers
studied mainly 2D models. 3D numerical simulations have been
conducted with the assumption of rigid wall simulations [27-29];
lately, new coupling mathematical techniques between the blood flow
and the carotid wall have also been investigated [30-33].

In this paper, a finite element model of the CA is developed to
simulate the flows and the stresses with and without the presence
of the atherosclerosis plaque. First, boundary conditions and fluid
flows are investigated on a simplified geometry, deduced from
the real geometry of the artery, which offers, a flexibility into the
generalization of the results, by accounting for only the main features
of real artery geometry. Then, simulations on a patient specific
geometry are discussed. The results on the fluid flows will be first
presented on a rigid wall model of the artery, and then extended to a
full FSI simulation to include the effect of the artery deformation and
stress distributions.

Materials and Method

Model geometries

In order to study the effect of stenosis on the circulation within the
CA, both simplified and patient-specific geometries have been used.
The first one allows for accounting exclusively the main geometrical
features common to the human arteries, excluding specific feature of
a single patient, but maintaining the main functionally characteristic
of the artery. The second one allows for testing and validating the
obtained results on a real geometry, recovered by Magnetic Resonance
Imagery (MRI) on a specific patient.

The simplified geometry, with the aim of studying the influence of
the main geometrical factors, were modeled using CREO, taking into
account features of real carotid geometry e.g. curvature, respective
diameters of different branches. Both healthy and stenosed arteries
with 30% diameter restriction have been modeled (Figures 1a and 1b).

For the specific real geometry, MRI images were obtained from a
patient with an atherosclerosis plaque located in the external CA. The
geometry of the fluid domain of the carotid bifurcation was segmented
and smoothed using SIMPLEWARE and, in order to represent the
arterial wall, a layer of 1 mm depth has been added using CATIA.

Mesh

A mesh analysis was carried out to improve the stability of the
calculations. Fine hexahedral layers were added at the wall in order to
obtain more accurate WSS results. A mean element size of 0.25 mm
was used.

Boundary conditions

When modeling flows in vessels of finite dimensions, the
definition of the boundary conditions is a delicate step of the model
development. For the rigid wall model, the boundary conditions on
the fluid have to be defined at both inlet and outlet sections of the
model.

In order to approach as much as possible the real behavior of

the blood inside the artery, the inlet boundary condition has been
directly recovered from 4D MRI images on a patient, which allows
for reconstructing the transient variation of the blood velocity. A
velocity profile over time was then obtained (Figure 2). A parabolic
distribution of the velocity at the inlet boundary was considered,
which, in the case of CA, gives the most similar mean WSS with
respect to simulations with real patient data, compared to bulk or
Womersley profiles [34].

About the outlet boundary condition, different methods were
tested to describe the pressure trend at the internal and external
Carotid BC’s:

. Case 1: Constant pressure of 18 kPa.

. Case 2: Imposed transient pressure, varying periodically
with a linear trend from 10 kPa to 18 kPa.

. Case 3: Computed pressure from the 4DMRI results using
the Windkessel model, where the numerical values were obtained
from the literature [35,36].

The comparison of the tested boundary conditions at the outlet
is presented in 5.1.

CFD simulations

The necessity of taking into account the non-Newtonian behavior
of blood has been widely discussed in the literature [23]. Nevertheless,
a Newtonian behavior of blood has been generally accepted in large
arteries [37].

Considering the evolution of viscosity as a function of shear
velocity, different models can describe the viscosity of blood
(Generalized Newton Models). The parameters experimentally
obtained by Cho and Kensey, both Carreau and Casson viscosity
models for blood [38], are reported in Table 1 and 2.

As detailed in section 5.2, the Carreau model has been adopted
for this study. It is characterized by the presence of

n-—1
1=+ (o — )1+ (0)2) 2
Ue : Viscosity at high shea

Uo : Viscosity at low shear
n : Power index
A : Time constant

o)
u=0\/u+ >

Ue :critical stress
T, : yield stress

two boards representing low shear viscosity (aggregation of Red
Blood Cells (RBCs) and high shear viscosity (RBCs completely
disaggregated). Between those two boarders, the blood is a shear
thinning fluid. The relation between viscosity and shear velocity is
described in the equations above.

The blood was modeled as a laminar incompressible flow with a
density of 1,060 kg/m’ [39]. The Navier Stokes equations are solved
using the finite volumes method by FLUENT. The time duration of
the simulation was set to 2s allowing the simulation of 3 heart cycles.

Since the flow is considered incompressible, a pressure based
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Table 1: Numerical values for the carreau model.
W, (Pa.s) N A(s)
0.056 0.36 3.3

M. (Pa.s)

0.0035

Table 2: Numerical values for the casson model.

u, (Pa.s) 7. (Pa)
0.00414 0.0038
Table 3: Mooney rivlin parameters for the arterial tissue.
Parameter Value (kPa)
C10 50.445
Cco1 30.491
C20 40
C11 10
Cco2 120

@5mm

150 mm

\ ®6mm

Figure 1: Geometry models: a) Left: simplified geometry with and without
plaque. b) Right: Patient specific geometry.
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Figure 2: Velocity profile obtained from 4DMRI and prescribed at the inlet
(common carotid artery).

solver is used to describe the differential equations. Pressure and
viscosity are coupled. In contrast with the SIMPLE algorithm,
where a correction is applied to the fluctuations arising from the
imposed initial value of the pressure at the first iteration, to insure
the continuity of the mass conservation equation, the PISO algorithm
uses approximations of higher degrees in the calculus of velocity and
pressure.

FSI simulations

After rigid wall simulations for investigating the fluid flow
within rigid artery geometry, the artery wall deformations have been
introduced into the model to investigate their effect on the flows and
stress distributions.

It has been observed that the models describing the arterial wall
as a hookean solid are not adequate and cannot describe the blood
behavior observed during in vivo measurements [12]. Therefore,

Figure 3: Velocity streamline at early systole left: Simulation results with
constant outlet BC, right: Variable pressure at outlet BC.
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Figure 4: Velocity distribution at ECA. Blue: Carreau Model, Red: Casson
model.
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Figure 5: CFD simulation results at t=1.8s in a simplified geometry model,
with and without stenosis. Left: 5a) Velocity streamlines at t=1.8s, Right: 5b)
WSS distribution.

more representative mechanical models have been used to account
for the complexity of the vessel mechanical response [24,40-43], such
as large deformations, incompressibility, viscoelasticity.

In the numerical FSI simulations presented in this paper,
the mechanical behavior of the structure has been modeled by a
hyperelastic 5-parameters Mooney-Rivlin model. The parameters
have been obtained from previous experimental tests [19] and fitted
by Gao et al. [44], and are reported in Table 3. The arterial tissue is
assumed incompressible, i.e. the compressibility coeflicient is set to 0.

On the other hand, the plaque region is considered elastic with
a Young Modulus set to 0.9 GPa [45]. Computational structure
mechanics is performed with the commercial software ASNYS. Large
deformations are taken into account.

To solve the FSI problem, the partitioned approach with strong
coupling has been adopted. The number of coupling step iterations
was set to 20. A convergence analysis has been developed for the
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definition of the used mesh, including 6 x 10° structural elements and
1.5 x 10°fluid elements. wf a

The next sections present the results obtained from the developed
numerical models to investigate the blood flows and the WSS on the f 2
artery with and without the plaque. .. a) A plaquo aron .

== b} Plaque arcs

Results and Discussion 4 T I T T T

Both CFD simulations with rigid walls and full FSI simulations s b e
with hyperplastic carotid material were performed. A preliminary Hantihy
analysis has been performed for the choice of the viscosity model and
the boundary conditions. Then, flow results by the rigid wall model 2
with a simplified geometry are presented and discussed. Finally, full I
FSI analysis has been performed on a patient specific geometry and

compared with rigid wall results. Simulation data were analyzed ) )
Figure 6: Wall shear stress comparison between healthy and stenosed

using CFD post processing software (ANSYS, Inc.). Wall shear artery at the plaque and after plaque areas oscillations of the WSS amplitude.
stress and blood flows were investigated at different locations of the

vasculature with a special focus at the stenosis, after the stenosis and

at the bifurcation areas. Wall Shear M Velod \ \-\ i
Puidwall - Suew'm\ﬂ 1 b Y i,
Outlet boundary conditions lz'm'w l“‘s“m‘ { \“
The first step of the definition of the CFD simulations is the 1 7554001 wikaie) |
choice of the boundary conditions. The flows from simulations
with constant and variable pressure at the outlet are compared. H1'1?1M1 ‘ o
(Figure 3) show noticeable differences, confirming the necessity of i

using adequate outlet boundary conditions, as discussed abundantly 5 87364000
by various authors [22,46]. In fact, the pressure directly affects the I
behavior of the flow in terms of recirculation and thus WSS.

2,079e-001

3.3748-002
[Pa]

Lumped Windkessel model has proven to be more accurate for
simulating blood flow in the arterial system [22,47]. Nevertheless,
it is a time-consuming method especially in the case of coupled
approaches. To minimizes the calculation time and preserve the
realistic pressure waveform provided by the Windkessel model, the
following procedure has been established: in case of available data of 3
the flow in both internal and external carotid arteries from the 4D
MR, the pressure wave form is directly calculated from the available
flow rate data using the Windkessel model. In case of unavailability of
the measured data, the pressure values are calculated by a preliminary
simulation, where the Windkessel model is applied as boundary
condition. In both cases, the new pressure profile is used as the
transient outlet boundary condition in further simulations.

Figure 7: Results of CFD simulation in a patyient-specific geometry: WSS
distribution and velocity streamlines at systolic peak.

WSS

WSS(Pa)

i
H
H
i
i
Sl
SN i

DA ST

Comparison of viscosity model

Results from rigid wall simulations in the simplified geometry
model, with a variable pressure outlet, have been compared for 0 01 02 03 04 05 06 07 08 09 1
both Casson and Carreau rheological models. The same boundary
conditions and geometry are used, varying the only rheological law
introduced in the fluid simulation. (Figure 4) shows the obtained 0.5-
velocity profile at the outlet of the stenosed branch of the carotid
bifurcation, internal CA in this case. Slight differences can be
observed for both the used models in terms of velocity distribution.

0.4-

Then, for the rest of the simulations, the Carreau model was adopted. £03
o

Effect of stenosis on the CFD results £ 02

The fluid flow has been simulated in the simplified rigid wall
geometry models with and without the presence of the plaque. O
(Figure 5) shows the velocity streamlines (Figure 5a) and the WSS P N
distribution (Figure 5b) at simulation time 1.8s, corresponding to 0008 0009 001 0011 0012 0013 0014 0015 0016 0017
the systolic peak, with and without plaque. Introducing the stenosis, Kposition
vortexes are observed after the plaque area, during the late diastole Figure 8: Result comparison between CFD and FSI simulations in an

idealized geometry: a) WSS at ICA; b) Velocity profile at ICA outlet (m/s).

and at the beginning of the systole, where the pressure is at its lowest.
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C: Transient Structural
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Figure 9: Maximal principal stress at simulation time t=0.6s corresponding to
mid diastol in an idealized geometry model.

C: Structure transitoire
Intensité de contrainte

Type: Intensité de contrainte
Unitd: MPa

Temps: 0,105
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0.011475 Max
0,010202
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00076553
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0,0028351
00025618
00012884
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Figure 12: Stress intensity distribution within the arterial wall at the systolic
phase.
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Figure 10: WSS comparison between CFD and FSI simulations: a) After
plaque region; b) Plaque region.
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Figure 11: Velocity Profile at stenosed ECA. Comparison between Rigid and
Deforming wall patient-specific Simulations at t=0.1.

The WSS shows a completely different distribution as well, with lower
values at the after plaque area for the stenosed case.

The mean value of WSS in the CA is reported as 0.850 + 0.195
(ranging between 0.132-3.464) N/m?[48]. Simulation results reported
in (Figure 6), and obtained by the simplified model of the healthy
artery with rigid walls, are consistent with the literature, falling in
the higher range of WSS measured by other authors using imagery
techniques [49]. The high values are due to the assumption of rigid
wall, while arteries are highly deformable.

The effect of the plaque on the flow behavior is noticeable when
comparing the WSS in the case of healthy and stenosed external CA.
The comparison in the case of 30% stenosis shows an increase in WSS

at the plaque region by 5 times (Figure 6b). The results also indicate
a strong decrease as well of the maximum WSS observed after the
plaque region as well as the emergence of further oscillations of the
WSS amplitude (Figure 6a).

The results also highly depend on the geometry, which confirms
the necessity of patient specific simulations to obtain more accurate
results. Running CFD simulations on patient specific geometry
resulted in the same general flow behavior observed in the simplified
geometry cases. LWSS and recirculation have also been observed
in the after plaque and the bifurcation area as in the previous case
scenario. The WSS values ranged from 0.03 Pa to 24 Pa in the systolic
phase (Figure 7). As well, a decrease of the WSS at the after plaque
zone is observed with the patient geometry.

FSI Results

FSIsimulations were first run on simplified geometries to compare
the results with the rigid wall simulations on a generic geometry.
The comparison between rigid wall and coupled simulations shows
the conservation of the general distribution form of the WSS in the
branches of the carotid (Figures 8-10), with a decrease in the mean
value of the velocity, due to the deformation of the wall and thus
the decrease of the shear rate. This observation is very clear at the
bifurcation area where the extension of the recirculation zones is
notable. The fluctuations in the values of the calculated velocity, as
well as of the WSS (Figure 8a), during diastole might be a consequence
of the rigid clamping conditions at the boundaries of the structure,
causing reflection waves.

The velocity in the stenosed branch, as shown in (Figure 11), is
higher than in the case of rigid wall simulation, due to the extensibility
of the wall. Relatively more blood, at the considered time, is flowing
to the brain. The wall shear stress is in the same range as for the
CFD simulations with rigid walls. FSI, on the other side, allows for
obtaining the stress distribution within the arterial wall as shown in
(Figure 12).

Preliminary FSI simulations in simplified geometries, but a
tangible difference is observed at the plaque area. Generally, into the
literature, 4D MRI derived WSS is lower than CFD derived WSS [49-
53], with highest difference in high wall shear stress zones, which is
compatible with the difference observed between FSI and CFD in our
model. Nevertheless, the study conducted by Boussel, et al. leads to
opposite conclusions with a WSS 8 times higher than CFD results
[54]. As discussed by Jeremy Sjar and Kevin Ho-Shon, the high
WSS observed by Boussel might be due to the methodology used to
estimate the velocity in voxels that were partially outside the Lumen
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[55].

The disparity between CFD and FSI, or MRI results is mainly due
to the partial volume effects that lead in significant volume change
[55]. Nevertheless, numerical simulations have higher resolution at
the wall, compared to MRI resolution. With the augmentation of
velocity due to the presence of the plaque, the use of MRI techniques
becomes impractical due to the thinning of the boundary wall layer.

Studies on fluid dynamics show that the flow and the WSS
are disturbed near to the carotid bifurcation, which may cause
endothelial dysfunction. LWSS has a significant role in inducing
arterial damage and plaque instability due to the increase of residual
time and therefore platelets and macrophage probability of adhesion
to the arterial wall [56]. Moreover, it seems that chronic exposure to
high WSS causes an atheroprotective phenotype [57] and, probably,
a remodeling phenomenon. Investigations should be carried out to
confirm this hypothesis.

Although CFD is the most used method, the presented results
showed that it tends to overestimate the WSS, especially in high
shear rate regions. The FSI simulations, on the other side, give a more
realistic appreciation of the shear rate. The accuracy of those methods
is still unknown, and depends highly on the boundary conditions.
With the promising advancement in MRI resolution and the decrease
of scanning time, the potential of improving both the boundary
conditions and having a solid model comparison is increasing.

Conclusion

A CFD and FSI models of the CA has been presented in this
paper using simplified and patient specific geometries. Variation of
hemodynamic simulations parameters, i.e. rheological model and
outlet boundary conditions, has been investigated in order to verify
their accuracy.

The comparison between healthy and stenosed arteries showed
a diversity of flow disruptions near the stenosis area resulting in a
higher shear stress in the plaque zone and lower shear stress in
the after-plaque zone. This result was observed both in the generic
simplified geometry and in the patient specific geometry.

The plaque rupture depends among others on the local WSS and
the local strength of the tissue. On one hand LWSS zones are areas of
vivid proliferation of atherosclerosis plaques, on the other hand the
LWSS can promote inflammations and cause plaque instability too.

A considerable difference between the FSI and CFD results
has been obtained. The WSS is undeniably higher for the rigid wall
simulation. The difference in the WSS results between FSI and CFD
simulations support the choice of the coupled method.

There were several limitations in this study. Time consuming
calculations reduces the possibility to run multiple patient specific
simulations. Nevertheless, the aim of this work was to develop
a numerical model accounting for patient specific data in order
to investigate the mechanical parameters contributing to the
development and rupture of atherosclerosis plaques within the CA.
The material properties used for the plaque, corresponding to a purely
elastic material, as well as the assumption of uniform wall thickness
might influence the observed results too. High resolution imagery,
along with mechanical characterization of the various components
of calcified CA, will allow for investigating accurately the stress
distributions in the fibrous cap.
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