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ARTICLE INFO ABSTRACT

Keywords: Carotid artery blood flow is studied to compare models with rigid and elastic walls. Considering a patient-specific
Atherosclerosis geometry and transient boundary conditions. In the case of rigid walls, only the fluid (blood) behavior is consid-
Blood flow

ered, in a typical Computational Fluid Dynamics study. With the elastic walls, the reciprocal influence of both
fluid and solid (blood and artery) are taken into account, constituting a Fluid-Structure Interaction study. Further-
more, the study of the influence of mechanical properties of the artery, which become stiffer with the progression
of atherosclerosis, on blood flow is also presented, an innovative approach relative to the work done in this field.
Results show that the carotid sinus is the preferential zone to develop atherosclerosis, given its low values of
Time-Averaged Wall Shear Stress. Additionally, it is fundamental to consider the arterial wall as elastic bodies,
given that the rigid model overestimates the flow velocity and Wall Shear Stress. On the different mechanical
properties of the vessel, its influence is minimal in the Time-Averaged Wall Shear Stress profiles. However, given
the results of the displacement and velocity profiles, their inclusion in blood flow simulations in stenosed arteries

Carotid artery bifurcation
Fluid-structure interaction

should be considered.

1. Introduction

Atherosclerosis is a precursory pathology of cardiovascular diseases,
such as stroke and heart attacks, which are the main causes of death
in developed countries [1,2]. Such pathology is characterized by the
accumulation of fat particles, cholesterol, and other substances on the
walls of large and medium-sized arteries. At an early stage, atherosclero-
sis does not present significant symptoms, however, with its evolution,
there is a substantial reduction of the lumen of the artery, called steno-
sis, which in very advanced phases can compromise the blood supply
to the organs downstream of it, thus causing the ischemic problems.
On the other hand, this disease is associated with an increase of arterial
stiffness [3-5], which under certain conditions can cause plaque rupture
and trigger thrombosis inside the arteries [6]. Furthermore, Atheroscle-
rosis is a geometrically focal disease prone to involve the outer edges of
blood vessel bifurcations, as is the case of the carotid artery bifurcation,
where the highest incidence of this disease occurs [7]. Each individual
has two carotid arteries, which are located in the anterior region of the
neck and are responsible for transporting oxygenated blood from the
heart to the brain, thus being the origin of most cerebral vascular prob-
lems. According to several authors [8-12], local hemodynamic factors
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are important determinants of atherosclerotic plaque development and
progression.

The study of blood flow is thus important in understanding the mech-
anisms behind the onset and progression of Atherosclerosis. Several
methods have been used for the in vivo study of flow-related variables,
such as the use of magnetic resonance imaging (MRI) [13-15], Doppler
ultrasonography [15-18], particle-based methods such as: streak pho-
tography, particle tracking velocimetry (PTV), particle image velocime-
try (PIV), and micro-particle image velocimetry (4PIV) [19]. These tech-
niques require the use of specific equipment and are, therefore, associ-
ated with high investment and operating costs. Moreover, it is necessary
to have good infrastructures and patients available for the in vivo stud-
ies, which the whole process makes difficult. Thereby, numerical simu-
lation emerges as a cheaper and more efficient alternative to predict the
behavior of blood. Simulation methods also provide the chance to study
atherosclerosis specifically for each patient and to design customized
stents for that particular individual, thus providing a better treatment
to the patient. Regarding the validity of the simulations, Long et al.
[20] stated that there is a high correlation between MRI velocity mea-
surements and numerical predictions shown in the computational fluid
dynamics (CFD) study. Additionally, Cibis et al. [21] studied the blood
flow in the carotid artery through MRI and a CFD study and obtained
similar results with both methods, thus it is emphasized that numerical
simulation methods are able to yield robust and reliable results.

More recently, CFD techniques have been extensively used in the
study of the hemodynamics of the carotid artery bifurcation [8,22,23],
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given the high incidence of stenosis in this vessel and the fact that its
superficial location makes it less challenging to image than other ar-
terial bifurcations. In these, there is only considered one domain, the
fluid domain, and the behavior of the artery is approximated to that of
a rigid body, which is a limitation since the artery has a direct impact in
blood behavior. Two-way fluid-structure interaction (FSI) couples CFD
simulations with finite element analysis (FEA) of the vessel wall. This
multiphysics coupling considers the influence of blood on the artery and
vice-versa, therefore, is a more realistic approach to simulating the pro-
cess. However, FSI requires additional modeling assumptions regarding
the mechanical properties of the vessel and significantly more computa-
tional effort. With the development of computational power in the last
decade, researchers have applied fluid-structure interaction the study of
blood flow in healthy and stenosed vessels [24-26]. Although many ad-
vances are reported, the change in the mechanical properties of the arte-
rial walls with the progression of Atherosclerosis is commonly ignored.
Such evidence is related to the difficult to experimentally measure the
impact of the disease on the elasticity of the vessels, being this the main
gap of the current research done in this field.

In this work, the numerical simulations of fluid and solid mechanics
in an anatomically realistic carotid artery bifurcation model are pre-
sented. In the first place, the comparison between a typical CFD study,
where the wall is considered rigid, and a two-way fully coupled tran-
sient FSI problem, where the wall is flexible, is shown. The hemody-
namic parameters, such as the velocity, pressure, wall shear stress are
compared to assess the extent to which it is worth to do the FSI studies
since the simulations are much more demanding in the latter. It is also
sought to make the association between local hemodynamics and the ar-
eas conducive to develop atherosclerosis. In another scope, the study of
the influence of arterial stiffness is presented, which increases with the
progression of the disease in question and age [27]. In this, four models
of arterial material with a different elastic modulus were used in order
to evaluate the influence of the parameter in the results.

2. Methods
2.1. Blood flow modeling

Blood flow in the carotid artery was assumed to be incompressible,
laminar, Newtonian. Therefore, the governing equations used to de-
scribe the flow are the continuity equation, Eq. (1), and Navier-Stokes
equations, Eq. (2).
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where t represents time, py is the fluid density, V7, the velocity vector, p,

the fluid pressure and 7, the viscous stress tensor. Eq. (1) states that
the local increase of density with time is balanced by a divergence of
a mass flux. Eq. (2) states that the rate of change of momentum in a
fluid particle is equal to the sum of the forces in it. The forces in a fluid
particle assumed in this work are pressure and viscous forces, which are
represented in the second term of Eq. (2). Body forces such as gravity
have been neglected.

It is common to approximate the behavior of blood to a Newtonian
fluid [8,22]. This assumption can be explained by the fact that the vessel
diameters are large compared to the individual red blood cell diameters
[28-301, which makes the blood viscosity independent of the shear rate
and therefore constant.

2.2. Modeling arterial deformation

According to Newton’s second law of motion, the total linear mo-
mentum is equal to the sum of the external forces working on a volume.
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Fig. 1. FSI domains and boundary interface.

The linear momentum conservation principle is the base of the govern-
ing equation for the vessel wall deformation, Eq. (3).

P
or?
where p is the density of the solid, u represents the displacements of the

oS4 VG=p, b 3

solid, b, the body forces applied on the structure, 7, the Cauchy stress
tensor. For an isotropic linear elastic solid, the stress tensor becomes
[31]:
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where 4; and y; are the first and second Lamé parameters, respectively,
€, the strain tensor, tr, the trace function, and I, the identity matrix. For
compressible materials, Lamé parameters can be written as a function
of the elastic modulus, E, and Poisson’s coefficient, v.
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2.3. Modeling fluid-structure interaction

In FSI problems, neither the Lagrangian nor the Eulerian formula-
tions are optimal for the entire domain. The first cannot handle the
large deformations of the fluid, and a Eulerian formulation sacrifices
some accuracy when applied to solids [32]. The Arbitrary Lagrangian-
Eulerian (ALE) method is used for FSI problems, where the grid of the
fluid domain is allowed to deform arbitrarily so that its boundaries fol-
low the structural domains’ deformation. The structural problem is then
formulated in the Lagrangian way, combining the two approaches.

With the ALE method, it is not enough to have the governing equa-
tions of the flow and the vessel wall deformation, it is also necessary
to mathematically describe the coupling of the two domains, which in-
volves governing equations for the fluid-solid interface.

Fig. 1 shows a regular FSI problem with a fluid domain € and a solid
domain Q,, which are independent from each other and interact along
with common the shared interface, I';.

The FSI problem requires that there are mass conservation and con-
servation of linear momentum along with the interface [31]. These prin-
ciples are satisfied by the displacement compatibility and traction equi-
librium at T accordingly to Egs. (7) and (8).

Uppr =ugp (@)
fr=1r ®)

where u - is the displacement of the fluid at the interface, u, the dis-
placement of the solid at the interface, IfT, the forces of the fluid on the
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Fig. 2. Geometry of the carotid artery bifurcation. (a) CFD study; (b) FSI study.

Table 1
Dimensions of the inlet and outlet sections.

Section  Area (mm2)  Diameter (mm)
CCA 30.898 6.272
ICA 14.670 4.322
ECA 7.184 3.024

interface and ’Tr , the forces of the solid on interface. Eq. (8) is often
written as.

(©)]

Oy - IF = Py Aifr =TT
where o, is the stress tensor, 7,1 and 77/ are the solid and fluid interface

normals, psr, the interface pressure and 7, - the viscous stress tensor.
2.4. Material properties

Blood was modeled as a Newtonian fluid, with a density pr=1,
060 kg/m® and dynamic viscosity, u=3.5 x 1073 Pa .s [8]. Regarding
the mechanical properties of the vessel, the artery was modelled as a
linear elastic isotropic material with a density p, =1, 120 kg/m3, Pois-
son’s ratio, v=0.45, and elastic modulus, E=1.106 x 10° Pa [33]. In
order to study the influence of the arterial stiffness on blood flow,
three FSI simulations were performed with different values of the
elastic modulus, which correspond to an increase of 20% (FSI 1.2 E,
E=1.270 x10° Pa), 50% (FSI 1.5E, E=1.590 x 10° Pa), and 100% (FSI
2.0 E, E=2.12 x 10° Pa), relatively to the original value.

2.5. Geometry, mesh and domain considerations

The geometry of the carotid artery bifurcation, which is shown in
Fig. 2(a), was used for the CFD study [34]. Since it only corresponds to
the fluid domain, obviously, it is not applicable to the FSI studies. The
arterial domain, which is also represented in Fig. 2(b), was subsequently
built with CAD software, with several offsets of the fluid domain surfaces
depicted in Fig. 2(a). A thickness of 1 mm was considered for the carotid
artery, according to [33].

Regarding the nomenclature of the geometry, upstream the bifur-
cation is the common carotid artery, hereinafter referred to as CCA,
which represents the inlet. Downstream the bifurcation are the internal
carotid artery (ICA) and external carotid artery (ECA), which represent
the outlets. The dilation that exists in the ICA is called carotid sinus, or
carotid bulb, and the zone of separation between the two outlet arteries
is named carotid apex. Table 1 shows the areas of the sections of the
mentioned boundaries.

The fluid domain was discretized in 867,348 tetrahedral elements
and the solid domain in 145,635 elements of the same type, thus form-
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Fig. 3. Variation of the velocity magnitude with mesh refinement.

ing a tetrahedral mesh of 1012,983 in total for the FSI studies. A mesh
convergence study was done to ensure that the results are independent
of the mesh. In Fig. 3 is represented a summary of the convergence
study and represents the velocity magnitude taken from a point within
the fluid domain, at the systolic peak, for four different mesh sizes.

The results show that an increase from 867,348 to 1,128,970 in the
fluid mesh elements only presents an effect of 0.015% in the velocity
magnitude. Furthermore, the increase of mesh elements (23%) took ap-
proximately 220% more time to simulate the model, and the differences
in the velocity results suggest be negligible.

The governing equations were solved with COMSOL Multiphysics
simulation software, version 5.2 a. The transient CFD study was carried
out with GMRES, an iterative solver, with the iterations limited to a
maximum number of 25. In this case, the convergence was accepted
when the residuals were below 10~5. The transient two-way FSI study
was carried out with PARDISO, a direct solver that is based on lower-
upper decomposition. The iterations were limited to a maximum number
of 25, with the same residual’s tolerance. A free time-step was used in
every simulation, which means that the solver takes smaller or larger
time-steps to satisfy the required tolerances.

Every study was performed over three full cardiac cycles to mini-
mize the effect of the initial conditions, which generate instability in
the model, and the results were taken from the third cycle. The sim-
ulations were performed with an Intel i7-6700 HQ Core of a personal
computer, with 16GB of RAM, that runs 64-bit Windows 7.

2.6. Boundary conditions

For the inlet, CCA, it was imposed a volumetric flow rate profile,
considering a heart rate of 60 bpm, which means that the cardiac cycle
is repeated every 1s. This evidence reflects the pulsatile nature of the
human cardiac cycle, with the two distinct phases, systole and diastole,
well defined. The flow rate has a maximum flow rate value for t=0.21s
and represents the systole peak. It was also assumed that the flow is
completely developed at the inlet, with a parabolic profile along with
it, accordingly to [8,35,36]. For the outlets, ICA and ECA, a pressure
waveform was applied for both as a boundary condition. The maximum
pressure occurs for t=0.45s, which means that there is a shift between
the instant of maximum flow and maximum pressure during the car-
diac cycle. This time delay is due to the compliance of the downstream
vasculature [8]. Both flow rate and pressure profiles are represented in
Fig. 4. Relatively to the solid model, the adjacent boundaries to the inlet
and outlet were fixed. The remaining boundaries of the solid, a condi-
tion of free deformation was applied, which basically allows the solid
to deform in any direction.
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Fig. 4. Flow rate profile imposed at the inlet (CCA); pressure waveform imposed
at the outlets (ICA and ECA) [8].

Considering the maximum flow rate imposed at the inlet and the
area of the CCA section shown in Table 1, Eq. (10) was used to obtain
an average velocity value.

0=V.A 10)

where Q is the flow rate (m3/s), V, the velocity magnitude (m/s) and A,
the surface area of the inlet section (mm?2). The average velocity value
was used to calculate the Reynolds number, with Eq. (11).

psVD
==
where s is the fluid density (kg/m?), V, the velocity magnitude (m/s), D,
the diameter of the artery and y the dynamic viscosity (Pa .s). The value

obtained was 1146, therefore the assumption of a laminar flow was rea-
sonable.

Re

an

2.7. Hemodynamic parameters

In order to associate the local hemodynamics to Atherosclerosis
prone areas, the following hemodynamic parameters were calculated:
(i) Wall Shear Stress (WSS) and (ii) Time-Averaged Wall Shear Stress
(TAWSS).

WSS is the frictional force per unit area exerted by the circulating
blood column on the intimal surface of the arteries. In COMSOL, this
parameter is obtained with the vorticity lines on the surface, according
to Eq. (12) [37].

T = 4 (@ Ti) (12)

where u is dynamic viscosity, wyy,; is vorticity at the wall and 7 is the
outer normal unit vector of the tangential plane to the vessel wall. Ac-
cording to the literature [8-12,18,38,39], atherosclerosis prone regions
are subject to low and oscillating WSS values, that is, the values are os-
cillatory when the WSS vector has a direction contrary to the direction
of flow, which means that there is fluid recirculation in these areas.
The Time-Averaged Wall Shear Stress (TAWSS) is a hemodynamic
index that represents an average temporal evaluation of the magnitude

Table 2
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of the WSS over a cycle, which is calculated for each node, with Eq. (13).

T
TAWSS = 1 f|m| at (13)
0

t
where T, represents the period of the cardiac cycle and |7,;| is the mod-
ulus of the wall shear stress vector.
According to the literature [38,40], TAWSS magnitude typically
ranges from 0.1 to 0.6 Pa in the venous system, from 1 to 7 Pa in normal
arteries and from O to 0.4 Pa in atherosclerosis-prone arterial regions.

3. Results
3.1. Flow separation

Fig. 5 illustrates the distribution of the flow rate through the outlets,
ECA and ICA, during a complete cardiac cycle, for all the cases studied.

According to Fig. 5, the graphs that represent the separation of flow
are equivalent for all the studied cases. It is observed that most of the
flow leaves the system through the ICA. The ratio between the ECA and
ICA mass flow ratio is represented in Fig. 6.

The ECA/ICA ratio plot shows that there is a minor increase in the ra-
tio during the systole phase, being practically constant in the remainder
of the cardiac cycle. While the lines of the FSI studies overlap, which
indicates that the elasticity of the artery has no impact on fluid sepa-
ration, there is a slight difference from the CFD and FSI studies results.
Table 2 contains statistical data that complements the information given
by the graphs of Figs. 5 and 6.

The time-averaged flow rate in the ICA represents about 69% of the
inflow rate for every study, which is in accordance with the measure-
ments of [41]. Furthermore, the standard deviation of the flow through
the ICA decreases with the increased arterial wall stiffness, being min-
imum for the CFD study, where the wall has no movement. As a con-
clusion, it is noted that the maximum flow rate that passes through the
ICA is slightly higher for the FSI study, and as the rigidity increases, the
values get closer to the CFD model. Although there are some differences
in the data of Table 2, these are minimal when the whole cardiac cycle is
considered and it can be concluded that the influence of the flexible wall
and the several elastic moduli are negligible concerning the separation
of the flow through the outlets. Furthermore, it should be noted that the
resistance of the downstream vessels is the main factor that influences
the separation of the flow through the outlets, with blood flowing pref-
erentially in the vessel of least resistance. However, in this work, the
same pressure profile was applied for both ICA and ECA, it is concluded
that the minimal differences in the results are due to the changes in the
cross-sectional area at the bifurcation, resulting from the elastic effect
of the wall.

3.2. Velocity

Fig. 7 represents the velocity profiles for every study, considering
the moment of maximum inflow rate, at the systolic peak.

By the results stated in Fig. 7, it is verified that the velocity profile is
parabolic, or fully developed, at the inlet, with a maximum value in the
middle of the section and a progressive decrease as it approaches the

Statistical data relative to the separation of flow through the outlets.

CFD FSI

FSI1.2E FSI1.5E FSI2E

ICA ECA ICA

ECA ICA ECA ICA ECA ICA ECA

Time-average flow rate (%) 69.56 30.44 69.91
Standard deviation (%) 0.85 0.85 2.45

Maximum difference on flow rate (%) 70.84 29.16 74.36
Minimum difference on flow rate (%) 67.81 32.19 64.23

30.09 69.85 30.15 69.79 30.21 69.70 30.30
2.45 2.12 212 1.79 1.79 1.48 1.48

25.64 72.75 27.25 71.98 28.02 71.55 28.45
35.77 64.75 35.25 65.44 34.56 66.17 33.83
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Fig. 5. Distribution of the flow rate to the outlets. (a) rigid model (CFD); elastic models :(b) FSI; (c) FSI 1.2 E; (d) FSI 1.5 E; (e) FSI 2.0 E.

wall, where the velocity is zero. The profile remains so until it encoun-
ters the bifurcation, where it is largely distorted, causing most of the
fluid to flow close to the inner walls of the outlet arteries, whereas in
the outer zones, such as in the carotid sinus, the amount of circulating
fluid is substantially less. It is also noted that there is a large difference

213

between the magnitude of the velocity between the CFD and FSI studies,
mainly in the CCA and the anterior zones of arteries downstream the bi-
furcation, which can be justified by the fact that the wall is flexible and
expands with the fluid pressure, thus increasing the size of the lumen.
With the increase of the cross-section, for a constant flow rate, the veloc-
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ity decreases. Near the outlets, the difference in the velocity magnitude
results is smaller, which is justified by the elastic effect of the artery,
where it, firstly, expands due to the effect of the fluid, and later, when
compressing, squeezes the fluid in turn and increases its velocity, thus
allowing a more uniform supply of blood to the outlet vessels.
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Comparing the results of the various FSI studies, it is observed that
there is a small increase in the magnitude of the overall velocity for the
models with higher rigidity, which is due to the smaller deformations
of the wall induced by the fluid.

Despite the differences observed, the magnitude of the velocity for
both CFD and FSI studies is within range with the measurements of
[14,16] and the results obtained by [8], which reinforces the validity
of the performed simulations. The graphs of Fig. 8 represent the veloc-
ity magnitude at three distinct points, which are located in the CCA,
ICA, and ECA, respectively.

Relatively the results in the CCA point, the magnitude of the velocity
is found to be significantly higher for the CFD study, particularly at the
systolic peak and throughout the whole diastolic phase. For the ICA, the
results show that the difference between the CFD and FSI is minimal,
except for the initial instants of the diastole. In the case of the ECA, the
results show similar values of velocity for every phase of the cardiac
cycle, between the CFD and FSI studies. In fact, there was no major
difference in the magnitude of velocity in the outlet arteries, which is
due to the elastic effect of the artery wall that is extremely important for
the reason that it guarantees a continuous supply of blood to the tissues,
despite the heart works in cycles and interrupts the supply of blood to
the aorta.

Comparing the results of the FSI studies, it is noted that there is a
slight increase in the magnitude of the velocity in the cases of higher
elastic modulus (FSI 2.0) when compared to the normal value (FSI). As
arteries become stiffer, that is, as the elastic modulus increases, they
are expected to deform less with the pressure of the fluid, which allows
the fluid to flow slightly faster. The maximum difference between the

Fig. 7. Velocity profile at systolic peak
(t=0.215). (a) CFD; (b) FSI; (c) FSI 1.2 E; (d)
FSI 1.5 E; (e) FSI 2.0 E.
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Fig. 9. Time-averaged wall shear stress profiles. (a) CFD; (b) FSI; (c) FSI 1.2 E; (d) FSI 1.5 E; (e) FSI 2.0 E.

velocity of FSI 2.0 E (in yellow) and FSI (in green) is found in the ICA
point and is around 5%.

3.3. Wall shear stress

The Time-Averaged Wall Shear Stress profiles corresponding to the
systolic peak for the performed simulations are represented in Fig. 9.
Only the TAWSS values are shown in this paper, instead of the WSS at
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the systolic peak, which is when the parameter has maximum values
since it is important to understand its behavior throughout the whole
cardiac cycle and not just in an instant.

The results evidence high values of TAWSS at the apex of the bi-
furcation. The bifurcation forces blood to separate between the outlet
arteries, and the blood is severely decelerated in this area, thus creat-
ing high-velocity gradients near the wall in this area. Previously, it has
been shown that the flow suffered a deviation to the inner walls of the
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ICA and ECA. These profiles reinforce that detail because the parame-
ter has a higher value in those zones, contrary to what happens in the
outer zones of the vessels, where the wall shear stress is lower. For the
remainder of the geometry, it is verified that TAWSS is higher in the ICA
and ECA than in the CCA. The results are in agreement with the work
of [34].

Comparing the CFD and FSI studies, can be observed that the TAWSS
is significantly higher in the CFD study, as expected, given the velocity
profiles previously shown. Relatively to the FSI studies, the results are
similar for all the values of the elastic modulus. Although differences
were observed in the velocity profiles between the various FSI models,
these were located primarily in the central zones of the vessels, and since
this parameter only takes into account the behavior of the fluid at the
wall, the similarity in the TAWSS is thereby justified.

As was previously mentioned, areas with TAWSS values lower than
0.4Pa are prone to develop Atherosclerosis. In order to identify these
zones, the scale of the profiles was adjusted to a maximum value of
0.4 Pa, as shown in Fig. 10.

Given the results of Fig. 10, it can be concluded that the carotid bulb
is the area more favorable to the development of stenosis. In this zone,
blood flow is reduced, hence the low TAWSS values, and exhibits sev-
eral disturbances, such as fluid recirculation, which are conditions that
prompt endothelial inflammation and, consequently, plaque accumula-
tion. This observation was reported in several works [8,31,33,34]. It is

!

(FSI1.2 E) TAWSS profile (Pa)

!
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Fig. 10. Time-averaged wall shear stress profiles—reduced
scale. (a) CFD; (b) FSI; (c) FSI 1.2 E; (d) FSI 1.5 E; (e) FSI

04 20E

035

noticed that the TAWSS profiles with reduced scale are similar for the
FSI studies, while in the CFD study, these present a larger area that is
subject to the referred values. The area of the outer wall surface was
calculated, being approximately 1.34x10~3 m2. It is emphasized that
the surface area is variable between the studies of CFD and FSI given the
expansion of the arterial wall. The percentage of the total area where the
TAWSS is less than 0.4 Pa was also determined, with 13.24%, 10.15%,
12.85% 12.75% and 11.63% for CFD, FSI, FSI 1.2 E, FSI 1.5 E, and FSI
2.0 E, respectively, showing again that the CFD study overestimates the
value of the TAWSS relatively to FSI.

3.4. Displacement

Fig. 11 represents the arterial wall displacement profiles of the FSI
studies for the different values of the elastic modulus.

The results demonstrate that the instant of maximum displacement
occurs at t=0.50s, which does not correspond to the moment of maxi-
mum flow rate, at the systolic peak. The maximum displacement occurs
in a zone near the bifurcation apex, where the fluid pressure is higher.
As the artery boundaries adjacent to the inlet and outlets were fixed, the
displacement in these zones is null. Thereby, the pressure of the fluid
is the main parameter that influences the displacement of the artery,
since the moment of maximum displacement corresponds to the instant
of maximum pressure imposed at the outlets, as a boundary condition.
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Additionally, it is observed that the displacement of the wall is higher
for the lower values of the elastic modulus, as expected, which justifies
the differences observed in the velocity profiles. For the FSI 2.0 study, as
the wall displacement is lower, the increase of the lumen size is less sig-
nificant, and as the dislocated blood volume is maintained, it is forced to
move faster compared to what happens in the FSI study. As it is verified
that the maximum displacement occurs precisely in near the bifurcation,
it similarly affects the ICA and ECA lumen dimensions in the separation
zone, thus justifying the resemblance of the flow separation graphs for
all the studied cases, that were previously presented.

4. Conclusions

This paper presents a comparative study between a typical CFD prob-
lem, where only the fluid behavior is imputed, and a FSI problem, where
the reciprocal influence of the fluid and solid is considered. Addition-
ally, the progression of atherosclerosis is correlated to the hardening of
the arteries, with the study of several FSI models of a patient-specific
geometry of the carotid artery. The main conclusions drawn from this
work are:

(FSI 1.2 E) Displacement - t=0.50 s (mm)

(b) ?

(FSI1 2.0 E) Displacement - t=0.50 s (mm)

(d) 7
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Fig. 11. Displacement profile at the arterial of the arterial wall
(t=0.505). (a) FSI; (b) FSI 1.2 E; (c) FSI 1.5 E; (d) FSI 2.0 E.

e Comparing the rigid (CFD) and elastic (FSI) walls studies, the ve-
locity and WSS profiles are significantly overestimated on the rigid
approach. It is therefore essential to consider the effect of the arterial
wall on the blood flow.

e There is an increase in the magnitude of the velocity, with a maxi-
mum difference of about 5%, with the increment of the elastic mod-
ulus. This is related to the differences observed in the displacement
profiles. Higher elastic modulus generates lower displacements of
the arterial walls and elevated flow velocity.

e The lower values of TAWSS suggest that the carotid sinus is the more
susceptible location to accumulate plaque and develop atherosclero-
sis.
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