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hemodynamics, predict the risk factors for the development and progression of the
atherosclerotic lesion, and analyze local flow profiles due to changes in the carotid
artery geometry. This fundamental study will be supportive in observing the blood flow
behavior through arteries and studying arterial diseases. The present study investigates
three different subject-specific carotid bifurcation models under altered blood pressure
conditions. Subject-specific 3D carotid bifurcation modeling is carried out using
Materialize software. Unsteady flow simulation is conducted in ANSYS Fluent under the
rigid wall and Newtonian conditions. The haemodynamic parameters such as vorticity,
helicity, and time-averaged wall shear stress (TAWSS) were evaluated to understand
better the beginning and progression of atherosclerotic plaques in the bifurcation. Also,
the influence of geometric variation in the bifurcation region was investigated, and it
was observed that this region causes significant vortex formation zones. A noticeable

Keywords: reduction in velocity and backflow formation was observed, which reduced the shear
Carotid bifurcation; ANSYS Fluent; stress. It is established that the regions of low TAWSS along the bifurcation region are
altered blood pressure; CFD; blood flow likely to develop atherosclerosis.

1. Introduction

The recent advances in the computation domain have simplified the exploration of emerging
multidisciplinary areas. At present computational simulations in the biomedical area support
clinicians in decision making. Applications of simulations available in a broad spectrum aid the
prognosis and complimenting the diagnostic modalities so far [1,2]. Computational fluid dynamics
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(CFD) and Fluid-Structure interaction (FSI) simulations of blood flow in flexible arteries provide the
guantitative visualization of flow in the cardiovascular system, thereby aiding the researchers and
clinicians in gaining a better understanding of the cardiovascular pathology [3]. In the near future,
radiological data collected from patients post computational simulation processing shall help the
doctors in treatment decision-making [4]. CFD emerged as a popular non-invasive methodology to
access the hemodynamics, providing assessment details on blood pressure, velocity, shear stress,
etc., through which disease initiation and progression can be hypothesized [5]. Many studies have
been conducted using the CFD and FSI technique to determine the vascular disease's blood flow
behavior. Physiologically realistic CFD simulations of pulsatile blood flow in normal and occluded
arteries help estimate the forces acting on the elastic wall to predict rupture-prone regions in the
artery. This has value addition in diagnosing and treating stenosis and related diseases. The flow was
observed to strongly relate to velocity waves, especially post stenosis region. In addition,
recirculation and reverse flow regions were found post stenosis [6-9].

The carotid artery is the prominent artery located on the left and right side of the neck that
supplies blood to the face, brain, and neck portions. Oxygenated blood from the aorta flows into
Common Carotid Artery (CCA) and other branches into Internal Carotid Artery (ICA) and External
Carotid Artery (ECA). At the branching of these two divisions, a widening of CCA is called a carotid
bulb or sinus. The carotid sinus is the region of interest because the common carotid extends and
branches into the internal and external carotid [10]. The blood flow pattern in the sinus region is
disturbed, leading to plaque accumulation. The disturbed shear created in carotid bifurcation is due
to the Helical flow of blood [11,12]. Inside the artery, soft structures accumulate in the form of
irregular and arbitrary shapes, leading to plaque deposition and hardening. In this irregular area,
platelets fill cracks, creating blood clots in arteries, resulting in atherosclerosis. Zones where artery
bifurcates and zones of arterial inner curvature are susceptible to plaque build-up [13-16]. Plaques
are limitedly localized to the zones of low wall shear stress (WSS). At the high WSS region, the chances
of formation of atherosclerosis are less. The study of blood flow in the normal carotid artery can be
useful in studying the influence of Haemodynamics on the formation of plaque [17,18]. From the
analysis, various output parameters related to the flow of blood can be determined and evaluation
can be done based on the value of WSS observed in the particular region. Some of the researchers
have considered the stenosed geometry for the simulation and disturbance in the flow due to the
presence of stenosis is determined [19,20]. Severe stenosis in the carotid artery indicates the
possibility of stroke risk. However, the stroke chances also depend on major factors like arterial
geometry, age etc. Hence, there are reported cases of severe carotid artery stenosis that haven't
suffered a stroke, while cases with mild to moderate stenosis reportedly have suffered a stroke [21-
23]. Transport and flow-induced activation of platelets due to the influence of disturbed flow is
caused by the presence of stenosis. To get an accurate solution the chosen boundary condition
should be similar to the patient-specific [24]. The velocity and flowrate profile can be obtained by
two methods Doppler ultrasound [17,20] and Phase-contrast MRI [8,12]. In many of the studies flow
of blood is considered Newtonian, neglecting the shear-thinning effect, in the regions like stenosis
blood flow will be non-Newtonian [20,21,24,25]. Moyle et al., studied the variation of the flow in the
carotid artery due to different inlet conditions. The study was focused on investigating the sensitivity
of parameters like WSS and FSI for change in secondary flow [26]. Generation of secondary flow
profile was done using sufficient long entrance length, to which helical pitch and curvature were
added. It was observed that the influence of geometric variation on the WSS and Oscillatory Shearing
Index is comparatively more than the influence due to vessel curvature-related velocity profile at the
inlet [27]. Campbell et al., studied the influence of inlet velocity profile for analyzing flow in patient-
specific carotid bifurcation. The effect of different idealized inlet velocity profiles like blunt, parabolic,
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and Womersley flow concerning patient-specific velocity profiles was studied [28]. Pointwise
percentage error of mean WSS and OSI were calculated, and similar values were calculated for the
parabolic inlet velocity profile. So, it is suitable to use parabolic inlet velocity boundary conditions for
the accurate CFD analysis.

Morbiducci et al., studied the implications for indicators of abnormal flow at carotid bifurcation
for outflow boundary conditions. Governing of blood flow depends on prescribing proper boundary
conditions, investigation of outflow boundary condition assumptions is done using an image-based
CFD model of the carotid artery [29]. Vascular wall dysfunction is identified with three key
hemodynamic wall parameters. Nithiarasu et al., studied the influences of domain extension at
carotid bifurcation for a moderately stenosed patient-specific geometry. CFD simulation performed
on patient-specific artery models with moderately severe stenosis investigates the influence of
extensions in the domain outlets. WSS, OSI, and WSSAD were calculated. WSS was high near the apex
of the carotid artery and near stenosis. The results obtained for outlet domain extension was having
marginal influence [30]. The literature review finds that the majority of the analysis considers normal
blood pressure. However, there aren't substantial flow dynamics studies that consider the effect of
high and low blood pressure which is clinically very significant, since the adverse flow pressure has
been proven fatal [6,7,8,31]. The present study considers anatomically different three carotid artery
geometries for the investigation of hemodynamics at various blood pressures to prognosis for critical
factors. A low-pressure condition can be a result of abnormal pumping action, widened artery, age,
and several other factors, in which the flow pressure in arteries is less than the required for normal
functioning of organs. Likewise, the effect of hypertension is also analyzed in various geometric
variations in bifurcation to estimate the wall shear stress and derived parameters.

2. Methods
2.1 Theory of CFD

Blood flow in this vascular model is assumed to be Newtonian, laminar and incompressible [5, 8,
12]. The flow is assumed to be laminar as the blood flow is simulated under resting conditions of the
cardiac cycle [32]. The governing equation used is the Navier-Stokes equation given by Eq. (1) and
Eq. (2) [33].

Vv =20 (D
dv 5
p(E + v.|7v) = —Vp + uv<v (2)

where p is the density, v is the velocity vector, p is the pressure and p is the dynamic viscosity of the
fluid.

2.2 Modelling and Analysis

This study considers three different geometric shape subject-specific carotid bifurcation models
for comparing the haemodynamic investigation as shown in Figure 1. A three-dimensional patient-
specific model was created from CT-Angio data post-reconstruction using MIMICS 19 (Materialise,
Leuven, Belgium) medical image processing software. Geometry construction steps are referred to
from literature [33,34]. The carotid bifurcation models (1, 2 and 3) were discretized using polyhedral
elements, as shown in Figure 2. The layered mesh closer to the boundary wall is also defined to
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capture the effects of flow behavior as shown in the highlighted portion. Hybrid mesh is generated
using Fluent meshing module wherein the mesh along the boundary wall contains octahedral
elements and the interior is made up of hexahedral elements. The grid independence tests were
carried out for all three models considering peak values for velocity inlet and pressure outlet. Change
in velocity is monitored for change in grid size at CCA, ECA, and ICA. Figure 3 depicts the mesh
independency test-taking velocity and pressure distribution respectively for model-1. A similar grid
test is carried out on model-2 and 3. In the same locations, velocity is monitored for the other two
cases. The grid test evaluation finds that velocity and pressure are normalized with the number of
elements 350000 for model-1, 380000 for model-2, and 420000 for model-3. The analysis considers
the constant dynamic viscosity of 0.004 N-s/m? and density of 1050 kg/m? for the fluid, as the flow
in larger arteries with a high shear rate is Newtonian [12,19,33].

ICA

ECA

ECA

Model-1 Model-2 Model-3

Fig. 1. Geometric details of 3D CAD models of
carotid bifurcation

(@)

Fig. 2. Mesh description: (a)
Polyhedra mesh in model-3 (b)
Boundary wall mesh
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Fig. 3. Grid dependency test details in model-1: (a) Pressure and (b) Velocity variation

Pulsatile velocity is defined at the inlet with a cardiac cycle of 0.8s as shown in Figure 4. Time-
varying pressure waveform is defined at the outlet faces as shown in Figure 4. These time-varying
pulsatile profiles were applied at the inlet and the outlet with the interpretation of a user-defined
function, however, the walls of the models were assumed to be rigid [34,35,36]. Resistance type
boundary condition is adopted at the outlet considering peripheral resistance under different
pressure gradients such as normal blood pressure (NBP), High blood pressure (HBP), and Low blood
pressure (LBP). The range of different blood pressure is normalized for comparison purposes to
simulate physiological conditions variations of blood pressure. The methodology of inlet and outlet
pulse wave generation is similar to that adopted in literature [4,37]. Pulsatile waveforms of velocity
and pressure wave were divided into 180-time steps to capture flow behavior more precisely [33,
38]. The timestep independence conducted is depicted in figure 5 and each time step of 0.005
seconds for a total of 180-time steps is adopted to capture the flow behavior. Convergence criteria
of 1x10> were employed to analyze the behavior of blood flow in these artery models [39,40].

o Velocity (mfs) 3

) Tume (s)

L]

Fig. 4. Description of applied BC's (Time
varying inlet velocity outlet pressure)
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3. Results

The results of the CFD analysis are compared for various input conditions. Three specific phases
of the cardiac cycle; early systole (0.06s), peak systole (0.22s), and peak diastole (0.44s) were used
to investigate haemodynamic factors like velocity, pressure, time-averaged wall shear stress, vorticity
and helicity are that compared among three carotid artery models for various blood pressures. The
simulations were carried out at different blood pressures demonstrating the importance of geometry
variation at the bifurcation region. The flow rate of 70/30 distribution represents the upper
physiological flow ratio between the ICA and ECA. The maximum changes in the flow occur during
peak systole, hence this instant of pulse cycle is considered to describe and discuss the results
obtained.

3.1 Velocity

Flow variation at the bifurcation region is being captured in different models in the form of
velocity streamlines. Velocity contours plotted along with streamlines are shown in Figure 6 and 7
during peak systole and early diastole in three carotid bifurcation models at different blood
pressures. The ECA of Model-2 and 3 are similar in geometric nature in contrast to model-1 which is
highly tortuous which is evident from the velocity behavior profile. The CCA profile is straight in all
three carotid models and has similar velocity behavior. In all three models, the flow is characterized
by a steep velocity gradient at the bifurcation region and stagnant/reversed flow along the outer wall
of the ICA. Because of the different geometric profiles of ICA branching in three models, the flow
velocity is higher in ICA than in ECA in model-2 and 3, while in model-3, the flow is equally distributed
with slightly higher magnitude in ICA than in ECA. Due to the higher curvature of ICA than ECA in
bifurcation models, the flow separation occurs mainly in the outer wall of ICA with the increased flow
towards the inner wall of ICA as clinically observed [12,42,43]. At peak systole along the center line
of geometry, 50% magnitude of peak velocity value is observed in CCA of all three models. However,
due to velocity gradients recirculation zones were observed in Model-3 near the outer wall of ECA. It
is observed that in all three models towards the inner wall of ECA flow is aligned to the geometry of
the artery. In ICA due to curvature Model-1 velocity streamlines are tortuous, whereas in the case of
Model-2 & 3 having streamlines aligned to geometry during peak systole. During early diastole, CCA
observed streamline flow until the bifurcation in Model-3, whereas Model-1 & 2 had recirculation
near the inner wall and outer wall zones respectively due to steep velocity gradients. The case of ECA
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in Model 1 has streamline flow whereas Model-2 and 3 have twisting streamlines along with the
geometry during early diastole [32, 40, 43]. Flow in ICA of Model-1 is disturbed due to curvature,
whereas Model-2 and Model-3 observed geometry aligned flow with maximum velocity near the
inner wall.
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Fig. 6. Velocity streamlines in different carotid bifurcation models during peak
systole at different outlet pressure
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Fig. 7. Comparison of velocity streamlines in various carotid bifurcation
models during early systole at different outlet pressures

3.2 Static Pressure

The pressure contours of the three models are shown in Figure 8. The distribution of pressure is
not uniform in all three cases. During peak systole, Model-1 with LBP had minimum pressure at ECA
and ICA outlets whereas maximum pressure was observed in the inner wall of bifurcation. Along the
length of the straight portion of CCA circumferential pressure distribution was uniform whereas at
curved locations it varied significantly along with ECA and ICA [27,44]. It was observed in Model-2
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with HBP, that minimum pressure location remains at the outlet of ICA and ECA. Along the length of
CCA and ECA pressure distribution was observed to be in a range with magnitude varying near mean
pressure value. Model-3 with NBP also had minimum pressure at the outlet of ICA and ECA whereas
maximum pressure at the inner wall of bifurcation and at the origin of ECA the pressure distribution
is slightly large. Along the length of ECA, CCA, and ICA pressure distribution is not uniform [45]. While
three pressure conditions were compared the location of max pressure remains to be the inner wall
of bifurcation and minimum pressure at the outlets of ICA and ECA.
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Fig. 8. Pressure contours comparison in carotid bifurcation models during
peak systole at different outlet pressures

3.3 Helicity Patterns

Figure 9 shows the isosurface of helicity patterns demonstrating positive and negative flows in
the carotid artery models. The intravascular flow structure profile within the carotid bifurcation
system is particularly characterized by a helical pattern. The helical flow patterns are visualized by
setting a threshold of £ 1. The negative values represent counterclockwise flow whereas the positive
represent clockwise, the values near zero show lesser helical intensities [44,45]. The low-intensity
helicity appears to start at the flow divider region and develops into the sinus region in the ICA. The
observations are similar for all the BP cases qualitatively, however, the flow reversal increases with
increased BP. The notable difference is that the negative flow volume is relatively larger in HBP
compared to the LBP case in the ICA. In the carotid artery, a large number of intravascular flow
structures are precisely defined by helical patterns. 4D complex helical flow is reduced to 3D and
defined with numerical data as mentioned in works of literature [7,39,46]. Regions having lesser
helical intensity seemingly start from the sinus and intensified in the lower ICA. Helical patterns of
flow look disoriented and irregular in stenosed cases. Patterns of low helical intensity present in
larger surface during early diastole.
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Fig. 9. Helicity plots for HBP, NBP, and LBP condition, (a) peak systole of model 1, (b) early diastole of

model 1, (c) peak systole of model 2, (d) early diastole of model 2, (e) peak systole of model 3, (f) early
diastole of model 3

3.4 Vorticity

Figure 10 shows vorticity contours in carotid artery models. The study of vorticity contours which
is the absolute value of dot product of velocity and vorticity vector is of prime importance to
understanding the flow patterns in the arterial tree. The development of three-dimensional
secondary flow fields influences the flow near to the wall. The fluid flow along the axis perpendicular
to the wall generates pressure gradients in its surrounding area [17,24,47]. The boundary layer
upstream of CCA undergoes three-dimensional flow separation as seen in the figure above (helicity).
The flow recirculates downstream of the separation line for a vortex zone. As the flow approaches
the apex of the bifurcation zone, it deviates into reverse directions perpendicular to its actual path,
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demonstrating vortex formation. Therefore, it was observed that the flow separation occurs at the
lateral wall of the ICA at the apex at the corner where the ECA is branching.
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Fig. 10. Vorticity plot for HBP, NBP, and LBP condition, (a) peak systole of model 1, (b) early diastole of
model 1, (c) peak systole of model 2, (d) early diastole of model 2, (e) peak systole of model 3, (f) early
diastole of model 3

3.5 Time-averaged Wall Shear Stress

The TAWSS parameter is a function of wall shear stress is given below, where T is the period of
the cardiac cycle [40].

T

1
TAWSS = = j |WSS| dt 3)
0

The TAWSS is a temporal average of the WSS over a full cardiac cycle. The variation of WSS
throughout a cardiac cycle can be determined using TAWSS and described as shown in the Figure 11.
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To obtain TAWSS, magnitude of WSS vector is integrated at each node using cardiac cycle as the
interval [33,45,48].
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Fig. 11. Time average wall shear stress plot for HBP, NBP, and LBP
condition in three carotid bifurcation models

Atherosclerosis is more likely to develop in areas with low TAWSS values [6,41]. In model 1 during
early diastole for all 3 types of pressure conditions, the region or surface area having a low range of
TAWSS is greater when compared with the plot taken at peak systole which implies that blood flow
during early diastole has less value of TAWSS which may lead to the formation of atherosclerosis. In
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models 2 and 3, peak systole has a larger surface area having less TAWSS compared to early diastole
for all pressure conditions. TAWSS values for different pressure condition for every model is observed
to be similar which implies that values of TAWSS is having less significance for change pressure
condition. When a region having less TAWSS is observed, in model 1 surface area having less TAWSS
is located near the bifurcation region towards ECA. In models 2 and 3 location of less TAWSS is
towards ICA in bifurcation region, from this observation geometry of the carotid artery plays a major
role in Haemodynamics of the artery. The TAWSS is a temporal average of the WSS over a full cardiac
cycle. The variation of WSS throughout a cardiac cycle can be determined using TAWSS and described
as shown in the Figure 11. To obtain TAWSS, the magnitude of the WSS vector is integrated at each
node using the cardiac cycle as the interval. Atherosclerosis is more likely to develop in areas with
low TAWSS values [41,48,49]. In model 1 during early diastole for all 3 types of pressure conditions,
the region or surface area having a low range of TAWSS is greater when compared with a plot taken
at peak systole which implies that blood flow during early diastole has less value of TAWSS which
may lead to the formation of atherosclerosis. In models 2 and 3, peak systole has a larger surface
area having less TAWSS as compared to early diastole for all pressure conditions. TAWSS values for
different pressure condition for every model is observed to be similar which implies that values of
TAWSS is having less significance for change pressure condition. When a region having less TAWSS is
observed, in model 1 surface area having less TAWSS is located near the bifurcation region towards
ECA. In models 2 and 3 location of less TAWSS is towards ICA in the bifurcation region, from this
observation geometry of the carotid artery plays a major role in the Haemodynamics of the artery
[50].

4. Conclusions

In the present study, three different geometric shapes of the carotid bifurcation system are
numerically investigated under different blood pressures. Haemodynamic parameters such as
velocity, pressure, helicity, vorticity, and time-averaged wall shear stress have been evaluated and
discussed. Due to the different geometric profiles of ICA branching in all the three models, higher
flow is observed in ICA in contrast to ECA flow distribution. The steep velocity gradient at the
bifurcation region and reversed flow patterns along the outer wall of ICA are also exhibited in all
three models. However, under different blood pressure conditions, maximum pressure remains
along the inner wall of bifurcation, and the minimum pressure is observed at the distal side of ICA
and ECA branching. Further, there is a qualitative behavior of helicity in the bifurcation region, and
flow reversal increases with the higher blood pressure. It is also seen that negative flow volume is
relatively larger in HBP compared to the LBP case in the ICA. Vortex formation has demonstrated
significance in all the models when the flow approaches the apex of bifurcation and later diverges
into reverse directions to the initial path. It is established that atherosclerosis is more likely to
develop in areas with low TAWSS values especially spread to larger surface during peak systole. It is
also observed that, values of TAWSS have less significance irrespective of altered pressured
conditions especially at the bifurcation zone. Overall, it is demonstrated well that the geometry at
carotid bifurcation zone plays major role in Haemodynamics of the artery. This study can be further
explored by considering the influence of elastic artery and non-Newtonian blood flow assumptions
and can be extended to the stenosed cases.
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