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Investigation of Wall Shear Stress Related
Factors in Realistic Carotid Bifurcation
Geometries and Different Flow Conditions

S.S. Jamalian Ardakani!, M. Jafarnejad', B. Firoozabadi’* and M.S. Saidi'

Abstract. Cardiovascular diseases are one of the major causes of death in the world; atherosclerosis
being one aspect. Carotid bifurcation is one of the sites that are vulnerable to this disease. Wall Shear
Stress (WSS) is known to be responsible for the process of atherogenesis. In this study, we have simulated
the blood flow for Newtonian and non-Newtonian, steady and unsteady, flow conditions in three idealistic
and five realistic geometries. A risk factor has been presented based on the results of wall shear stress and,
then, a relation was found between geometrical features and the wall shear stress risk factor. Our main
conclusions are: 1) The non-Newtonian behavior of blood elevates the value of wall shear stress, however,
the wall shear stress pattern is similar, 2) The bifurcation angle is not the main cause of atherosclerosis
and cannot be considered a predictor for atherosclerosis disease, and 3) The ratio of sinus diameter to the
internal carotid artery diameter is more important than other geometrical factors, and the WSS pattern
1s influenced by this factor.

Keywords: Carotid bifurcation; Wall shear stress; Geometry effect; Non-Newtonian; Bifurcation angle;
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INTRODUCTION

One major cause of human death in the world is
cardiovascular disease [1]. Atherosclerosis is more likely
to occur at special blood vessels. According to medical
data, carotid artery bifurcation is one of the vessels
that are vulnerable to atherosclerosis. Previous studies
have proved that shear stress on the vessel wall is
an important factor in atherogenesis [1]. Based on
previous investigations, we know that atherosclerosis
usually occurs at sites of the vessel wall with low aver-
age shear stress or highly oscillatory shear stress [2,3].
It is also known that the complicated geometry of the
carotid bifurcation can affect the blood flow pattern [4-
6]. As aresult, the magnitude and pattern of wall shear
stress in carotid bifurcation depends on the unique
geometry of the vessel. The bifurcation angle can be
considered an important geometry factor [7,8] which
can affect the flow pattern in the sinus of an Internal
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Carotid Artery (ICA), the most atheroprone site in
bifurcation [4]. In this study, we investigated the
effects of two of the carotid bifurcation geometrical
parameters on the wall shear stress pattern. These
parameters are the bifurcation angle and the sinus bulb
diameter. According to Goubergrits et al. [9], the
bifurcation angle is related to gender. Based on their
experimental studies, the bifurcation angle in men is
larger than women. The average female bifurcation
angle is 51 degrees and the average male bifurcation
angle is 67 degrees [9]. In order to determine the effect
of bifurcation angle, we have developed three models
of carotid bifurcation with different bifurcation angles;
one representing a female carotid, one a male carotid,
and one somewhere in between. This angle may
possibly occur in both genders. Then, we examined
the effect of bifurcation angle on the wall shear stress.
Several investigators have simulated blood flow in
carotid bifurcation, experimentally [10-14]. They have
constructed an experimental model of the bifurcation
and investigated the flow within. Their geometries
were an ideal geometry as a representation of carotid
bifurcation, but they have not obtained their geometry
from real carotid bifurcation geometry. Studies have
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shown that carotid bifurcation geometry differs from
person to person [9,15-17]. Researchers, considering
the effect of geometry on the flow pattern and its
relation to cardiovascular disease, reconstructed their
simulation models from patient specific data [4,5,18-
20]. In order to make sure that the bifurcation
angle effect we have observed is also true in realistic
geometry, we have investigated five realistic geometries
reconstructed from patient specific data.

We have compared our CFD results with dis-
tribution of the atherosclerotic lesions provided by
pathomorphometrical analysis by Goubergrits et al. [9].
Apart from the vessel itself, we must also consider
the flow within. The blood that is flowing inside our
vessels is a non-Newtonian fluid. Some investigators
suggested that in large blood vessels like carotid bi-
furcation, the blood can be assumed as Newtonian
fluid [5,21]. However, some others preferred to model
blood with non-Newtonian models [13,22,23]. We have
also investigated the effects of non-Newtonian blood
models on ideal carotids with different bifurcation
angles. Several investigators have modeled the steady
blood flow in carotid bifurcation [10,13] while others
preferred to model the blood flow as unsteady, which
is more realistic [5,20,21,24-27]. In the present study,
the unsteady blood flow has also been solved in three
realistic geometries, in order to study the WSS under
unsteady flow conditions.

METHOD

In this work, we examine eight geometries (presented
in Figures 1 and 2), three of which are constructed
according to realistic dimensions and shapes. Our ideal
geometry is a 3D reconstruction of Bhardavaj et al.’s
experimental model [28,29] (Figure 1b). Bhardvaj et al.
presented a 2D model of carotid bifurcation geometry
with realistic scales, which we used to construct the
3D geometry. The other two geometries have the
same general shape, but with different angles. These
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Figure 1. Three ideal carotid bifurcation geometries. (a)
Sample model for female carotid bifurcation. (b) Ideal
geometry of Bhardvaj et al. [28,29]. (c) Sample model for
male carotid bifurcation.
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Figure 2. Five realistic carotid bifurcation geometries.

two different angles were chosen as a representation
of female and male carotid bifurcations (Figures la
and lc, respectively, and Table 1) [9]. The other
five geometries are reconstructed from patient specific
data (Figure 2, Table 2). The vessel casts were
carved arteries. The blood vessels were filled by a
filler substance. Using the morphometrical analysis
of Goubergrits et al. [9], we imposed optimized mean
surfaces from the available points and reconstructed
our geometries (Figure 2).

According to our assumptions presented earlier,
Navier-Stokes Equation 1 and continuity Equation 2 for
the incompressible and isothermal flow of a Newtonian
fluid are solved in a 3D geometry. These equations are
listed below:

B)
pai; +p(u.Vyu==VP + pg + uV:u, (1)
V. =0. (2)

In these equations, p represents density, u represents
velocity, P is pressure, g is gravity constant and 6 the
viscosity.

In this work, the finite volume method has been
applied to obtain a numerical solution for blood flow
simulations with segregated 3D solver. The compu-
tational tetrahedral grids were generated as shown in

Table 1. Geometrical features of ideal geometries.

Case Number 1 2 3

Diameter of CCA (mm) | 8.00 | 8.00 | 8.00
Diameter of ECA (mm) | 4.60 | 4.60 | 4.60
Diameter of Sinus (mm) | 8.90 | 8.90 | 8.90

Diameter of ICA (mm) 5.60 | 5.60 | 5.60
Branch Angle Between
CCA and ICA (degree)
Branch Angle Between
CCA and ECA (degree)

25 25 40

28 20 35
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Table 2. Geometrical features of all realistic cases.

Case Number 4 5 6 7 8

Age 82 80 90 81 —

Sex Female Male Female Male -

Side Right Right Left Left Left
Basic Disease of Death Ather.osclerotic EPOC Hyp?rtension Atherlosclerotic _

disease disease disease
Direct Cause of Death Sepsis Bronchopneumonia Erfcefalopz?tla IMA —
Hipertensiva

Diameter of CCA (mm) 7.25 7.60 6.80 7.48 5.7
Diameter of ECA (mm) 5.10 5.60 4.35 5.35 4.6
Diameter of Sinus (mm) 8.55 8.68 6.60 8.00 7.4
Diameter of ICA (mm) 6.22 6.25 6.45 5.70 4.9
Branch Angle Between 97 m 9 45 34
CCA and ICA (degree)

Branch Angle Between 13 31 20 42 50
CCA and ECA (degree)

Figure 3. A sample representation of a generated
computational grid for geometry of case 4 shown in
Table 2.

Figure 3. The grid independency was checked for one of
the geometries as a sample. The average grid element
was 0.25 mm and the pressure-velocity coupling is
handled by the SIMPLEC method. The convective
terms are treated by the hybrid scheme. TDMA-
based algorithms are applied for solving the algebraic
equations. The solution procedure is iterative and
the computations are terminated when the sums of
absolute residuals normalized by the inflow fluxes are
below 10~* for all variables. For the ideal geometries
boundary condition, we applied the parabolic velocity
profile for the Common Carotid Artery (CCA) inlet;
this results in a Re number (based on carotid diameter)
equal to 300. Here, a steady mass flow rate has
been used for a CAA inflow boundary condition. This

mass flow rate has been set in order to keep the inlet
Re number the same in all cases. Constant realistic
values for Re, u, p and d were set and, then, the
average velocity was calculated. According to these
calculations, the mass flow rate would change for
different geometries. These values are presented in
Table 3.

On the carotid walls, no-slip boundary conditions
were set due to viscosity effects. The outflow boundary
condition was set for an Internal Carotid Artery (ICA)
and an External Carotid Artery (ECA). The division
of the flow into ICA and ECA was assumed to be
proportional to their cubic diameters. Wootton et
al. [12] reported a mean Reynolds number of around
300 for blood flow in the carotid artery. Gijsen et
al. [13] have set Re = 270 as the inflow Re number; we
have assumed this value for the Re number for average
velocity calculations. In order to check the validity
of these assumptions, the flow rates were compared
with the measurements of Marshall et al. [26], and
presented a good agreement. The flow rates for the
common, external and internal carotids and the results
of Marshall et al. [26] are shown in Table 3.

The steady flow was solved for both Newtonian
and non-Newtonian blood flow models in all eight
geometries. In the present study, blood is once assumed
to be a Newtonian fluid with a density of 1060 kg/m?
and a dynamic viscosity of 0.00345 kg/(m.s). The
mass flow rate has been calculated in CCA, ICA and
ECA. Mass flow rate values have been compared to the
experimental data of Marshal et al. [26] to make sure
that they are in the accepted interval for the carotid
mass flow rate. The non-Newtonian behavior of blood
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Table 3. Verification of blood flow rate in all geometries with the results of Marshal et al. [26].
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Geometry Reynolds Number CCA Mass Flow | ICA Mass Flow | ECA Mass Flow
Rate (kg/s) Rate (kg/s) Rate (kg/s)

Three idealistic 270 0.00585 0.00322 0.00263

4 270 0.00529 0.00380 0.00209

5 270 0.00556 0.00323 0.00233

6 270 0.00497 0.00380 0.00117

7 270 0.00546 0.00299 0.00247

8 270 0.00417 0.00228 0.00189

Marshal et al. [26] 0.00646 0.00434 0.00166

is modeled by Carreau whose model constants have — — :num. 000: exp.

been set with reference to the work of Jahanifard et
al. [23].

1= oo + (fto — poo)[1 + (X)) 7172, (3)
where:

A = 3.313,

n = 0.3568,

o = 0.056 Pa.s,
oo = 0.00345 Pa.s,
4 = Strain rate.

Our main focus of study was investigation of the Wall
Shear Stress (WSS) in different carotid bifurcation
geometries of Newtonian and non Newtonian steady
blood flow. It is well known that the blood flow in
carotid bifurcation is unsteady. In order to understand
the unsteady nature of blood flow, we have solved the
unsteady solution for geometries 1, 2 and 3. Here, a
typical carotid bifurcation pulse was set for the inlet
boundary condition and the outlet boundaries were
set to be stress free outflow. Based on the unsteady
solution, we compared the WSS pulse in the carotid
bifurcation and the sinus region.

RESULTS AND DISCUSSION

The Newtonian and non-Newtonian blood flow has
been solved in all eight geometries. To validate our
solution, we have compared our results for case 1
(shown in Table 1) [28,29] with the experimental results
of Gijsen et al. [13]. They had used this sample
geometry for their experimental setup. Figure 4 shows
the comparison between our numerical results and
Gijsen et al. [13] experimental results for the Newtonian
case. According to this comparison, our numerical
results follow the experiments very well. However,
small differences exist; numerical inaccuracy causing
the differences between our results and the experiment.
By using a structured instead of tetrahedral grid, the
results could be improved. Apart from this, Gijsen et

Figure 4. Comparison between experimental results of
Gijsen et al. [13] and our CFD results for geometry case 1
(shown in Table 1). In this picture, the internal carotid
bifurcation has been presented. Velocity profiles have been
plotted in five sections through the ICA. The velocity unit
shown is equal to 0.07 m/s.

al. [13] used a substance as a representation of blood in
their model that had minor differences in viscosity and
behavior with real blood. However, the differences, in
general, are negligible.

It is known that the wall shear stress is an impor-
tant factor in progression and initiation of atheroscle-
rosis [1,2]. Figure 5 shows the WSS contour for case
1, shown in Table 1, and all realistic geometries (cases
4-8 shown in Table 2). According to Malek et al. [2],
regions with WSS less than 0.4 Pa are susceptible to
atherosclerosis [2]. Here, in wall shear stress contours,
we have separated the regions with shear stress below
0.4 Pa, in order to separate atheroprone sites, which
are represented in dark blue.

A general conclusion from these WSS patterns
is that the sinus bulb is the most atheroprone site
where higher values of WSS appear at the bifurcation
apex and final ends of the External Carotid Artery
(ECA) and ICA, which have a lower diameter. There
is a stagnation point at the apex because the shear
directions at its sides are different (although the
magnitude of the shear would be high). According
to Goubergrits et al. [9], the stagnation point is the
place of plaque buildup. Another point is that, in
general, realistic geometries have higher values of WSS
and the atheroprone site in the sinus bulb is smaller



362

4.00e4-00

3.60e+00 ‘

3.20e+-00

g W

2.40e+00 \

6\&“ ‘7- Blés
W\ S

2.80e+-00

2.00e+-00

1.60e+00

1.20e+00

8.00e—01

4.00e—01

0.00e+00

Figure 5. WSS contours for case 1 and all realistic cases.
The regions represented in dark blue show the
atheroprone sites.

in these geometries. Therefore, the complexity of
the realistic geometry is an atheroprotective factor,
because it results in higher values of shear stress.

To show the difference in WSS in different ge-
ometries, we have calculated the average WSS and
sinus average WSS for all cases. Table 4 presents
the WSS values for Newtonian and non-Newtonian
blood models. The non-Newtonian model elevates the
average WSS and sinus average WSS in all cases, so
the non-Newtonian behavior of blood is an athero-
protective behavior. Soulis et al. [22] studied the
non-Newtonian behavior of blood in the left coronary
artery. They have found the non-Newtonian behavior
to be atheroprotective as well. The non-Newtonian
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effect can elevate critical WSS in such a way that it is
no longer critical. So, the critical value of WSS should
be modified considering Newtonian or non-Newtonian
blood. In order to quantify the non-Newtonian effects,
we have introduced a Non-Newtonian Effect Factor
(NNEF), which shows the percent difference between
the Newtonian and non-Newtonian solution.

NNEF — (non Newtonian)y,gg — (Newtonian)ygg

(Newtonian)ygg

x 100. (4)

Although the NNEF is different for each case, the arith-
metic average of the NNEF factor for ideal geometry
is 14%, while it is about 10% for realistic geometries,
which means that the non-Newtonian effect is lower
in realistic cases. The average NNEF for a critical
wall shear zone in a sinus bulb is 18% and 50% for
realistic and ideal cases, respectively. So, the non-
Newtonian effect is not the same over different sites of
carotid bifurcation. As an example, the non-Newtonian
effect in a carotid sinus is distinguishably more than the
whole geometry of carotid bifurcation. The calculated
NNEF for each case is presented in Table 4.

We have also solved the unsteady case for our
three idealistic geometries. Figure 6 shows the total
WSS and sinus WSS during one pulse. The results
for the other two ideal cases were the same with a
slight change in magnitude. Here, again, sinus WSS
is much lower than total WSS and has low fluctuations
in comparison with the total shear wave.

In their study of WSS in carotid bifurcation,
Mofrad et al. [20] reported that a high cyclic stretch is
responsible for atherosclerosis. Based on this hypothe-
sig, they could not explain why atherosclerosis lesions
occur at the sinus bulb. According to Figure 6, it can
be concluded that what makes the sinus bulb of the

Table 4. Average values of WSS and Sinus WSS for Newtonian and non-Newtonian blood models in all cases. The NNEF
percent shows the effect of non-Newtonian models for each case.

Average Sinus .Average NNEF Average Net Average NNEF
Geometry | WSS Newtonian Sinus WSS. Sinus WSS, Net WSS. Net
(Pa) Non-Newtonian (%) Newtonian Non-Newtonian (%)
(Pa) (Pa) (Pa)

1 (58°) 0.0855 1.0054 57.4 1.0054 1.1526 14.6
2 (45°) 0.1065 1.0112 50.6 1.0112 1.1562 14.3
3 (75°) 0.1276 1.0216 47.2 1.0216 1.1627 13.8
4 (40°) 0.3797 1.8059 17.2 1.8059 1.9761 9.4
5 (75°) 0.4411 1.2208 21.5 1.2208 1.3753 12.7
6 (29°) 0.9225 1.6633 18.1 1.6633 1.8607 11.9
T (87°) 0.3568 1.5697 14.4 1.5697 1.7410 10.9
8 (84°) 0.3436 2.4627 18.4 2.4627 2.6363 7.1
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Figure 6. Total shear wave and sinus shear wave for
unsteady solution of geometry case 1 (Table 1) during one
heartbeat.

carotid bifurcation an atheroprone site is its very low
WSS magnitude and not its highly oscillatory shear
wave. We have also introduced an atherosclerosis risk
factor for carotid bifurcation. This factor is the area
percentage of carotid bifurcation that experiences a
WSS magnitude less than 0.4 Pa. Figure 7 represents
this risk factor for Newtonian and non-Newtonian
blood models in eight geometries. Here, again, there
is a difference between ideal and realistic geometries
and, as we expected from previous results, the non-
Newtonian risk is lower than the Newtonian risk.
Several investigators have presented geometrical
factors like bifurcation angle, off plane angle or sinus
diameter, as geometrical risk factors [7,6,19]. We
have also investigated the relation between geometrical
features of carotid bifurcation and WSS. Our three
ideal geometries (cases 1 to 3 shown in Table 1) have
the same diameters of inlet and outlet and the same ge-
ometrical features (the curvature and sinus diameters).

14

® Area under 0.4 Pa - Newtonian (%)
12 O Area under 0.4 Pa - non-Newtonian (%)
10

(e 4]

Area percentage of critical shear (%)

’ 1(58°) 2(45°) 3(75°) 4(40°) 5(75°) 6(29°) 7(87°) 8(84°)

Figure 7. The area percent with WSS < 0.4 Pa for
Newtonian and non-Newtonian cases.
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The only difference between them is the bifurcation an-
gle. A comparison between these cases and their WSS
shows that a lower bifurcation angle results in a lower
average WSS and a lower average sinus WSS. However,
this result is not valid for realistic bifurcations. So,
prediction of the carotid bifurcation atherosclerosis risk
factor based on idealistic geometries cannot be used as
a confident prediction in realistic geometries. These
findings seriously challenge the results of previous
investigators who have made such a prediction [7,9].
These studies have only investigated ideal geometries
and introduced risk factors based on these results;
which our study proves inconvenient. We have also
investigated the relationship between Dgpnus/Dica and
the atherosclerosis risk factor. Figure 8 represents the
atherosclerosis risk factor, which is the area with WSS
lower than 0.4 Pa, Dgpnus/Dica and bifurcation angle
for each geometry case. According to this graph, the
trend of the magnitudes of atherosclerosis risk factor
is the same as Dgjnys/Dica. However, no satisfactory
relation can be found between bifurcation angle or sinus
diameter itself and atherosclerosis risk factor.

The pathomorphometrical results are compared
with the WSS contours in order to find a relation
between diseased sites and the magnitude of WSS.
The results of pathomorphometrical analysis show the
distribution and alteration level of the atherosclerotic
lesions in carotid bifurcations. Figure 9 provides a com-
parison between the WSS results of our CFD solution
and the pathomorphometrical analysis for geometry
cases 4, 5, 6 and 7. The blue marks show fatty streaks
and the red one fibrous plaque. The fibrous plaques
are exactly coagulated at the site of low shear stress.
In sites with higher WSS, there are only sporadic fatty
streaks, which are not considered as a risk factor.

It can be concluded that fatty streaks and fibrous
plaques are only life threatening if they are agglom-

1.8

B Scaled area under 0.4
1.6 O Dsinus/Dica

B Scaled bifurcation angle
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Figure 8. The scaled area of WSS < 0.4 Pa, the ratio of
sinus diameter to ICA diameter and the scaled bifurcation
angle for each case.
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Figure 9. Comparison between the WSS contours and
the results of pathomorphometrical analysis for geometry
cases 4, 5, 6 and 7. The blue marks show fatty streaks and
the red marks show fibrous plaques.

erated and cover a large area of blood vessels. This
usually occurs at regions with critically low WSS. The
area with low WSS is more discernable in geometries
with greater ICA sinus diameter (geometry cases 4 and
7 shown in Figure 9).

CONCLUSION

In this study, we have investigated the steady Newto-
nian and non-Newtonian blood flow pattern in eight
carotid bifurcation geometries. Three of these geome-
tries are idealistic but close to reality; and five of
them are reconstructed from patient specific data. The
non Newtonian effect of blood has been investigated
in these geometries. A factor has been represented to
quantify the effect of a non-Newtonian blood model.
The non-Newtonian behavior of blood is found to be
atheroprotective. Unsteady flow has been solved in
three idealistic geometries. The WSS of the sinus
bulb was much lower than the total average WSS,
as in steady solution. The WSS in the sinus bulb
was found to be much less cyclic than the total WSS.
An atherosclerosis risk factor has been defined based
on the results of WSS. This risk factor agrees very
well with the pathomorphometrical data of realistic
bifurcations. The effect of bifurcation angle on WSS
has been investigated in ideal geometries, but the
results were not applicable to the realistic geometries
because WSS is not related to the bifurcation angle
in these cases. We have presented Dginus/Dica as a
geometrical risk factor that agrees very well with the
trend of the atherosclerosis risk factor.
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