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Abstract

The geometry of the carotid artery (IC) is thought to have a major role in causing blood flow related diseases in this
artery. With age, different geometrical changes are observed to occur. These changes include: diameter, bifurcation angle,
and internal carotid off-plane angle. The current study focuses on the changes that happen to the off-plane angle of the
internal carotid artery to investigate the hemodynamic parameters that are thought to lead to the formation of plaques and
atherosclerosis in this artery. Physiological values found in literature are used to compare vorticity and velocity fields for
elderly and young people. Steady, three dimensional CFD computations were performed. Inlet velocity of 0.3 mm/sec, with
no slip boundary conditions and rigid walls are used. The results showed that as the age or off-plane increases, the flow
abnormalities and vorticity values increase. At the apex, the velocity values were the maximum near the inner wall, while at
the mid and in the second half of the sinus, the velocity values were minimal and show back flow with higher values of
vorticities. These results of the current study indicated that as the off-plane angle increases, as in elderly people, diseases of
blood flow, such as atherosclerosis and unfavorable plaques, have higher probability to occur in such complicated artery.
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1. Introduction

Cardiovascular system is the system that is responsible
for blood supply to different living tissues through blood
circulation. Blood flow through this system is associated
with many diseases that might cause insufficient blood
supply, or lead to more complicated cases, such as strokes,
heart attacks, and atherosclerosis. ) Both experimental and
numerical studies have shown that the initiation and the
growth of cardiovascular diseases is not random. Regions
with secondary flows, higher vorticities, and abnormal
shear stress values are thought to promote more cell
damage, deconstruction, and growth in the vessel lumen. O

One of the geometrical, critical, regions in the
cardiovascular system is the carotid artery that provides
brain and face with blood. The presence of the branching
with the, normally, local dilation in the internal carotid
artery (sinus) makes its geometry as one of the most
complicated and favorable geometries that are thought to
cause flow abnormalities that associated with atherogenic
and atherosclerosis in this part of the arterial tree.

* Corresponding author e-mail: thakir2000@hu.edu.jo

1.1. Carotid Artery Related Diseases:

The preliminary stage of atherosclerosis and plaque
formation is the presence of lipids in the vascular wall
caused by sub endothelial retention of lipoproteins. High
plasma concentrations of LDL-c (low-density lipoprotein
cholesterol) and low plasma concentrations of HDL-c
(high-density lipoprotein cholesterol) are each independent
risk factors for the development of such diseases. @ LDL
has been shown to be the major carrier of cholesterol and
the main atherogenic lipoprotein for atherosclerosis. In
addition to concentrations of LDL and HDL in systemic
circulation, some physical and fluid mechanical factors
play an important role in the development of
atherosclerotic plaques through the activation of blood
constituents and endothelial cells. @ The surface
concentration of LDL is locally elevated in regions of
fluctuated flow and fluctuated shear stress, which causes
more flow abnormalities and provides a favorable
condition for the formation of atherosclerosis and
aggregated plaques. @ Studies on flow dynamics in the
carotid artery have demonstrated that laminar flow is
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disturbed at carotid bifurcation regions. The greatest
plaque accumulation typically occurs on the outer wall of
the proximal segment of the sinus of the internal carotid
artery, in the region of the lowest wall shear stress. *? The
intimal thickness is the least on the flow divider side at the
junction of the internal and external carotid arteries where
wall stress is the highest. ©

Experimentally, it was reported that atherosclerosis is
the beginning of most of the diseases in brain that related
to the blood flow, as more studies have demonstrated that
occlusive thrombus triggered by plaque rupture is one of
the major determinants of ischemic stroke in patients
affected by carotid atherosclerotic disease. ® The majority
of ischemic strokes seem to result from embolization from
an atherosclerotic plaque or acute occlusion of the carotid
artery and propagation of the thrombus distally rather than
static occlusion. The explanation for the low rate of total
occlusions in carotid plaques is most likely related to high
flow rates that limit thrombotic occlusions, unless there is
severe luminal narrowing caused by repeated plaque
ruptures. ®

Due to the travelling parts of thrombus plaque from the
carotid artery to the small arteries of the brain, which
affects directly the hippocampus which is the part of the
brain that is vital for learning and memory, particularly
converting your short-term memory into long-term. ©® This
part of the brain, also, helps human comprehend spatial
relationships and navigate the world around him.
Consequently, hippocampus is one of the first parts of the
brain that suffers damage from plaques and tangles that
light lead to Alzheimer's or paralysis diseases.
Furthermore, clinical studies of the association of
atherosclerosis risk factors and dementia have shown
positive associations between dementia and carotid
atherosclerosis. ©

1.2. Flow Abnormalities in the Carotid Artery:

The unique geometry of the carotid artery has been
correlated to the higher chances of formation of, mainly,
atherosclerosis and the un-preferable plaques in this artery
which might lead to strokes. As can be seen in figure 1,
carotid artery combines branching, curvature, and blubbing
(or dilation). All these geometrical complications cause to
change the uniform, laminar flow upstream the apex into a
turbulent - like, non-uniform flow downstream the internal
and the external carotid arteries. ”’ Such abnormalities are
associated with abnormal shear stress values and higher
vorticity values which will lead to cell deconstruction and
proliferation. ©
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Figure 1. The geometry of the carotid artery

Vital cells as platelets, red blood cells, and endothelial
cells are highly sensitive to the variation and abnormal
fluctuations in the shear stress values. For example,
Gnasso at el. (1996) have indicated the normal shear stress
in human circulation is between 3.1 to 29.5dynes/cm?. ©
In their study, Harish Shankaran at el (2002) have
demonstrated that platelet activation occurs at 83
dynes/cm? value of shear stress. ¥ Moreover, endothelial
cells are used to be exposed to values of shear stress of
295 to 3.1 dynes/cm?, higher or lower values of shear
stress are, experimentally, observed to injure these cells,
cause aggregation, growth, and proliferation new cells in
the lumen of the blood vessel.“* 2 More over, in the case
of the negative pressure, recent experimental studies have
indicated that these cells are showing higher trend to
growth toward the internal of the artery lumen, causing the
formation of un-preferable plagues in this area. ¢?

On the other hand, experimental measurements of flow
parameters, mainly shear stress and vorticities, in a scale
of human carotid artery model have been conducted using
different techniques such as: laser Doppler anemometry
and MRI techniques. **® The results of such studies are
considered as a spark for many researchers to carry new
in-vivo and in vitro experimental works or computational
studies. In many cases, scientists tend to match
experimental results with those that can be obtained from
computational fluid dynamics simulations (CFD). (%20
These recent studies aimed at defining the regions of high
and low stress regions or the regions of diseases initiation.

As a result of these efforts, two theories have been
adapted. The first one, which appeared early in 1960s, has
mentioned that the main cell damage, deconstruction, and
growth in the carotid artery resulted from the low shear
stress values. @ Based on their in vivo observations, and
depending on different imaging techniques, they clearly
found that more cells deposition and plaque formation is
occurred on the external wall of the internal carotid artery.
@ such regions are usually are associated with low shear
stress values. Furthermore, they clearly stated that such
low shear stress values are combined with both higher
vorticities and negative pressure values. Such conditions
are responsible to increase the residence and exposure time
of the cells in such abnormal flow regime areas.

Contradicting to the low shear stress theory, newer
researchers performed more intensive in vitro experiments
using flow regimes and geometries, similar to those that
could be found in the physiological carotid artery. @ In
their results, they have mentioned that the cells are more
sensitive to high shear stress values than lower shear stress
values. More cell damage and deconstruction were
observed to occur in the apex of the internal carotid artery,
where higher blood streams and shear stress values are
observed. Based on that, they conclude that diseases in the
carotid artery are initially appeared in the high shear stress
values then it develops there. @

In the last two decades, these two theories were studied
intensively. More concern and attention were given to the
low shear stress theory. Many researchers have reported
that accumulative effect of flow abnormalities on both
blood constituents and endothelial cells is more critical
than the instantaneous effect of abnormal values. Cells
need to stay for a certain and longer time to get activated
and start to from clots and plaques. The presence of
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vorticities causes them to be exposed more to the abnormal
flow values, and hence abnormal growth in such areas.

One of the major geometrical issues that has been
reported to affect the flow abnormalities in the carotid
artery is the bifurcation angle between the internal and the
external carotid arteries and the plane off angle. In their
work, Thomas et al. (2005) and Jeon et al. (2017)
accomplished a statistical study between the old and young
people to investigate the differences between the geometry
of the carotid artery between young and old people using
MRI imaging technique. “ 2 In their findings, they show
that young people have, almost, uniform shape with little
or no curvature in their carotid artery. While old people,
they reported that carotid artery has a non-uniform with
curvature rates occur in the internal carotid artery. ®V In
numbers, they mentioned that the bifurcation angle for
young people has an average of 48.5° people while it has
an average value of 63.6 o for elderly people. On the other
hand, they reported that the plane off angle for young
people is almost 0° while it's around 16° for elderly ones.
These variation in shape between the young's and elders'
carotid artery may be related to the reason why the
cerebral vascular accident occurrence in the elder has
higher probability than young. 2V

1.3. Objectives

The current work utilized CFD simulations to
investigate the influence of off-plane angle variation on the
flow parameters of the fluid, mainly velocity and vorticity
fields. Off-plane angles of 0°, 5°, 10°, and 15° will be used.
More focus will be given to the flow patterns in the sinus
of the internal artery. As mentioned earlier this normal
dilatation is thought to be the most critical place where
more brain diseases start at. Computational models are
built based on the geometries found in literature. “ 2V
FLUENT-ANSYS software is used to create the mesh,
identify boundary and initial conditions, and solve flow
equations.

2. Methodology
2.1. Geometry and Dimensions

Dimension and geometries reported in Thomas Et al.
2005 is used to construct the current geometry. The
dimensions are shown below in table 1. As mentioned
earlier the off-plane angles are 0° 5° 10° and 15° as
shown in figure (2). ¢

Table 1. Dimension of simulated carotid artery

Parameter Diameter (mm) Length (mm)
CCA Diameter 8 47

ICA Diameter 5.5536 60

ECA Diameter 4.6224 60

major Sinus 22

minor Sinus 8

Figure 2. Model of the used carotid artery that shows the off-
plane angle.

2.2. Governing equations, boundary, and initial
conditions:

The governing equations include the incompressible
equations of mass and momentum conservation given by:
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Here, u,, uy,and u, are the velocity along, x, y, and z-
directions. pis the blood density, g is the blood viscosity.

For the boundary conditions, the vessel walls are
prescribed as rigid walls with no slip boundary condition.
At the inlet, the velocity specified to be 0.3mm/s. At the
outlet, the standard outflow condition is applied, i.e., the
velocities are linearly extrapolated and corrected to be
consistent with global mass conservation and a Neumann
condition is applied on the pressure. The blood is treated
as non-Newtonian homogenous fluid with density of 1060
kg/m® and a viscosity of 0.0035 kg/m.s.”) The iterative
technique is used to solve the above equations with initial
velocity vector of zero magnitude.

3. Computational method:

Flow in carotid artery is simulated using finite volume-
based software package ANSYS-FLUENT. The mesh is
constructed using pro-E software. Different off-plane
angles were used to simulate the flow in elderly and young
carotid arteries. Figure 3 shows the velocity magnitude
plotted versus radial location at the inlet of the sinus region
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for different mesh sizes for an off-plane angle of 0°. Grid
independency was performed for many cell numbers
starting with 353209 and ending with 583139, the
magnitude of the velocity magnitude is presented versus
the radial location of the centre plane of the carotid sinus.
As can be observed on this figure grid independency
occurred when the cell number was 436261. Consequently,
this mesh size is used for the rest of the simulations.
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Figure 3. Mesh independency; velocity magnitude versus radial
position in the mid of the sinus plane.

4. Computational Results:

Four different IC off-plane angles have been simulated
and analyzed to study the influence of aging with the
hemodynamics of blood and carotid bifurcation.
Physiological flow conditions are applied for all cases. The
results are mainly include the velocity and vorticity
contours for different planes; three of them present the
sinus region, and one plane is the medial plane that
perpendicular on the IC such that this plane divided the IC
carotid artery into two symmetric volumes, so that the
internal and external walls of the IC artery are captured in
this plane (figure 4). Consequently, the flow changes in the
inner and the outer walls of the sinus cane be clearly
demonstrated.
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Figure 4. Presented planes to show simulated results.
4.1. Velocity contours

Figures (5-7) shows the contours of the velocity
magnitude, for the studied off-plane angles for locations
number 1, 2, and 3 (as numbered and shown on figure 4).
For all cases, at the outer IC wall, velocity magnitude
became lower and lower, while at the internal wall of the
IC the velocity magnitude became higher and higher. Also,
in all cases velocity gradient, and hence shear stress, is
changed as off-plane angle increases.

Figure 8 shows the velocity contours for the frontal
plane of the carotid artery. Also, in this figure, values of
velocity are dependent on the off-plane angle. The
minimal velocity values occurred on the outer wall region
and decrease with increasing the off-plane angle, while
maximal values occurred near the inner walls and increase
with increasing the off-plane angle. In addition to the
inner and the outer walls, this figure shows the maximum
velocity value and magnitude occurs at the division
between the internal and the external arteries, i.e., the apex
of the carotid arteries. As can be seen in the figure, the
blood stream became higher and greater downstream the
apex or the bifurcation angle as the off-plane angle
increases.
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Figure 5. Velocity contours (plane 3: start of the sinus); off-plane angle of: a) 0° b) 5° ¢) 10° d) 15°
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Figure 6. Velocity contours (plane 2: Mid of the sinus); off-plane angle of: a) 0° b) 5° ¢) 10° d) 15°

(@) (b)

Figure 7. Velocity contours (plane 1: end of the sinus); off-plane angle of: a) 0° b) 5° ¢) 10° d) 15°
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Figure 8. Velocity contours in the medial plane of the sinus with off-plane angle of: a) 0° b) 5° ¢) 10° d) 15°

4.2. Vorticity contours:

To study flow abnormalities, vorticity contours are
plotted for different angles, different planes (figures 9-
12).in all cases, it's clearly observed that aging is causing
strong changes in vorticity values. In all sinus planes, the
vorticity became maximal on the internal wall and minimal
on the outer walls. These values are clearly changed with
the off-plane angle. The greatest changing can be observed
in figure 11 that represents the second half of the sinus. To
get more comprehensive picture, the vorticity contours are
plotted for different angles on the frontal plane of the

carotid artery (figure 12). The results of this figure show
the trend of increasing the vorticity values near the internal
wall, and the decreasing of these values near the outer
wall. According to literature the accumulative effect of the
elevated vorticity values is thought to have a major
influence in the disease initiation in the sinus of the carotid
artery. Lower vorticity values are indication of the longer
residence time for blood constituents, like platelets and
LDL, that consider the primary cells that are responsible
for plague formation. Also, the long residence of the LDL
can be correlated to the injuries that could happen in the
endothelial cells.
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Figure 9. Vorticity contours (plane 3: start of the sinus); off-plane angle of : a) 0° b) 5° ¢) 10° d) 15°
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Figure 10. Vorticity contours (plane 2: start of the sinus); off-plane angle of: a) 0° b) 5° ¢) 10° d) 15°
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Figure 11. Vorticity contours (plane 1: start of the sinus); off-plane angle of : a) 0° b) 5° ¢) 10° d) 15°
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Figure 12. Vorticity contours in the medial plane of the sinus with off-plane angle of: a) 0° b) 5° ¢) 10° d) 15°
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5. Discussion

Previous statistical studies are concluded that the
coincidence of atherosclerosis, thermogenesis, and strokes
is higher for elderly than younger people. Different
reasons were reported as biological factors, stress factors,
smoking, genetics, and mechanical factors. As the current
results indicated, the unique geometry of the carotid artery
is thought to be one of the key players that has major role
in promoting mechanical factors that lead to the initiation
of such diseases.® The effect of the geometry is, actually,
due the direct changes that happen to the flow stream in
this artery. As well known, blood related diseases are not
random in the cardiovascular system. The areas with
branching, curvature, and sudden area changes are more
promoted to cause and create abnormal flow regimes that
have direct effect on the vital cells either in the blood itself
or the vessel wall.

According to previous experimental works that they
used different image techniques, as the human being
getting older and older three major changes can be
observed in the geometry of the carotid artery; first, the
radius of the common and the internal carotid arteries
increases with age. Second, is that the bifurcation angle
between the internal and the external carotid artery is also
increasing with age. Finally, the off-plane angle of the
internal carotid artery increases with age.

The current work is employed the CFD computations to
study the higher coincidence of brain-blood hemodynamic
diseases with aging. More focus is given to the off-plane
angle of the IC. As what was expected, the results of this
work improved that the normal changes in the off-plane
angle leads to create more flow abnormalities with higher
values. The presence of higher velocity blood stream near
the apex, means higher shear stresses there, vital cells,
mainly platelets and endothelial cells, are highly sensitive
to such values. Consequently, the formation of abnormal
plaques and atherosclerosis in such region.

In the sinus region, the formation of secondary flows
and vorticities is observed for all cases, this formation is
associated with separation and higher recirculation. All
these abnormalities are getting higher and higher with
increasing of the off-plane angle. Adjacent to the outer
wall of the sinus, such flow patterns are thought to cause
LDL, platelets, and other blood constituents to stay there
for longer time. Thus, the exposure of such cells to
abnormal shear values will cause them to get promoted,
activated, and hence the formation un-preferable plaques
there.

Post the formation of plaques and atherosclerosis in
different regions in the carotid artery, the higher blood
stream near the centerline of the sinus might cause
fragmenting of small parts of the plaque. Consequently,
dragging and moving small masses of lipids or other cells
along with the main blood stream toward cerebral arteries
in different places on the brain. Post of the sinus, the
internal carotid artery will branch into smaller arterioles
with small diameters. As the fragmented mass reaches
smaller diameter arteriole, than its dimension, it will block
this arteriole and, might cause stroke.

6. Conclusions

The current work showed that the flow complexity
increases in older people who have higher internal carotid
off-plane angle values. Consequently, higher probability of
the formation of atherosclerosis or plaques in the sinus of
the carotid artery and hence brain strokes. Referring to
literature, the results of the current study showed good
agreement with most of the previous experimental and
computational studies that have been accomplished to date.
Despite of that, more work is still needed to find a
comprehensive model and understanding the mechanism
of plaque formation under physiological conditions.

Finally, this study evoked many assumptions. For
example, all walls were treated as rigid, the blood is
treated as homogenous Newtonian fluid, and the flow
regime is assumed to be laminar steady flow. In
physiological conditions, the wall artery is distensible and
react with blood wave through dilation and constriction.
Moreover, the flow in the carotid artery is unsteady
pulsatile and not steady. Thus, more studies are still
needed to mimic the physiological flow regime with its
values in the carotid artery.
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