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Article history: The carotid artery is a clinically important site in the human circulatory system as the
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Available online 1 June 2023 Angioplasty and Stenting (CAS). This procedure results in a heavily modified
hemodynamics or state of flow. To understand and predict this flow field modification
Computational Fluid Dynamics (CFD) is an important computational tool. Further, the
presence of a stent would affect hemodynamics. The aim of this work is to study these
effects in patient-specific cases. The reconstructed patient-specific models will form
the basis of the construction of the post-stenting carotid bifurcation models. A
transient analysis was carried out to estimate the time-varying parameters in the fluid
domains over a cardiac cycle as well as to gauge time average values over a cardiac
cycle. Results are obtained for hemodynamic parameters, like wall shear stress,
velocity, pressure, vorticity, and helicity, in both the prepared stenosed and stented
geometries. It is seen that the stenting procedure leads to the renewal of the CCA to
ICA flow path. But simultaneously the region in which the stent is present becomes a
region of low TAWSS and contains areas of high OSI. These areas of low TAWSS and
high OSI within the stented portions of the carotid bifurcations are indications for
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1. Introduction

The Common Carotid Artery (CCA) is a large elastic blood vessel, and there is one on either side
of the body. The left CCA originates from the aorta, which is the largest artery in the human body
originating at the heart, whilst the right CCA arises from the brachiocephalic trunk, which itself arises
from the aorta. Further each CCA then bifurcates into an Internal Carotid Artery (ICA) and an External
Carotid Artery (ECA). The ICA has a larger lumen as compared to the ECA. It must be noted that there
is much interindividual variation in the geometry with respect to the precise origin, location and
tortuosity of these vessels. There is also much variation within an individual when factors such as
posture and body position are considered [1].The carotid artery bifurcation is a site of medical
interest due to the severe consequences arising from abnormalities within the vessel wall, namely
atherosclerosis, which is essentially the hardening and thickening of the artery wall due to deposits
of fat and protein [2]. If the deposit is largely fatty in nature, it is called an atheroma, which is an
abnormal lipid mass with a fibrous covering, existing as a discrete, raised plaque under the intima
(innermost layer) of an artery. This plaque results in the reduction of flow area in the vessel called a
stenosis. The reduced blood flow due to the occlusion leads to further complications like the
formation of a thrombus (blood clot) over the plaque or the weakening of the vessel at the site of
disease. In either scenario the flow at this site can result in the dislodging of the clot or the plaque,
now called an embolus. The embolus can then cause a blockage further downstream. This blockage
causes ischemia (insufficient blood flow) in the regions supplied by the artery. In the case where an
embolus proceeds along the ICA the region is the brain and this results in a stroke. A stroke, if not
fatal, will result in severe brain impairment due to brain tissue death due to a lack of supply of oxygen
and nutrients. If the prognosis in the case of a prolonged ischemic stroke is often very poor, and even
in cases of a positive outcome, patients, post recovery, tend to experience a lowered quality of life.
This is due to the neurological damage that such events lead to.

One of the methods of restoring the lumen of the artery is through carotid angioplasty with
stenting as described in Ref. [3]. Stent deployment generally occurs in one of two ways. Either the
stent deploys/expands due to its own elasticity and internal restoring forces as seen in the Stryker
Wingspan Stent System [4], or the stent is expanded with the help of an angioplasty balloon [5].
Computationally modelling the stent deployment in either case, considering the effects of the
elasticity of the diseased blood vessel leads to better preparedness, efficient stent selection and
surgery planning, better stent design and better outcomes for patient quality-of-life overall. Carotid
artery stenting also comes with the possibility of restenosis, because it gives rise to many pockets of
low endothelial shear stress which is a physical manifestation of WSS [6—8] and this is shown to
contribute to the change in vascular morphology and eventually restenosis. The nature of the carotid
sinus or the carotid bulb as it is also known, is such that it tends to promote flow separation. Sites in
the body where such phenomenon occur also tend to be sites of eventual arterial disease. This is no
coincidence. The presence of disturbed flow in the carotid bifurcation is an indicator [9, 10]. In the
case of an endarterectomy the use of too large a patch closure leads to a large sized sinus, resulting
in harmful changes of the hemodynamics [11], possibly leading to deleterious vascular changes.

The hemodynamics (status of blood flow in circulation) of the carotid artery with a stenosis may
be evaluated through the use of Computational Fluid Dynamics (CFD). The stent deployment and its
interaction with the arterial tissues and plague materials can be modelled through the use of Finite
Element Method techniques. To accurately describe the effects of the dynamic fluid loads of blood
on the artery-stent combination, as well as to capture the effects of the elasticity and compliance of
the artery-stent combination on the flow of the blood in the vessel a multi-physics approach called
Fluid-Structure Interaction is used. Fluid-Structure Interaction is a better approach as it approximates

99



CFD Letters
Volume 15, Issue 6 (2023) 98-114

the fluid and compliant artery to a better extent than just CFD with a rigid artery. As for the model of
the carotid artery bifurcation to be used for analysis, the notable ways of obtaining patient-specific
geometries are through the reconstructions of data obtained from Magnetic Resonance Angiography
(MRA), Magnetic Resonance Imaging (MRI), Computed Tomography (CT) Angiographs, Doppler
Ultrasound, etc. Of these CT presents the clearest picture in terms of captured resolution as it is
specifically designed to show blood vessels in high contrast. Magnetic Resonance Angiography can
also provide relatively high contrast images which are very useful, along with Magnetic Resonance
Imaging which uses no additional contrast agents. Doppler Ultrasound is the quickest, cheapest and
most widely available method of imaging. In general, Magnetic Resonance Imaging is capable of
capturing both the lumen and the vessel wall thickness, with its inclusions like plaque, with better
detail. Previous works in this area make use of CFD to make predictions about hemodynamic
parameters like Wall Shear Stress (WSS) and the Oscillating Shear Index (OSI), both described in
chapter 2 of this report, their correlation and how these also correlate to the occurrence of disease
in the carotid bifurcation. These use certain parameters and properties to describe the flow of blood
in the rigid computational domain. Since, fundamentally, the purely CFD study holds the assumption
of a rigid domain wall it is not able to accurately capture the features of the flow and how these
features develop over the cardiac cycle in a very accurate way. This is because the compliance of the
arterial wall causes significant change in the physical boundary of the computational domain. And
this is bound to affect the nature of the flow in the artery. So, although in literature there is an
abundance of correlation between modelled hemodynamic flow features, the correlation of
hemodynamic parameters and sites of disease, the rigid model cannot be said to be physically
accurate.

Arterial wall compliance is also challenging to model due to its inherently anisotropic nature. The
mechanical properties of the vessel wall are not the same in the axial and circumferential directions.
Not only this but due to the inhomogeneous nature of the arterial wall the stresses vary between the
different layers as well [12]. This also poses a challenge when modelling the arterial wall for fluid-
structure interaction analysis.

Atherosclerosis has hemodynamic causal factors that have been studied in detail, decades ago by
Caro et al., [2]. In addition to forces exerted on the vessel wall, the hemodynamics also accounts for
the transport and deposition of nutrients and molecules, like lipids and lipoproteins, in the arterial
wall in regions of low and oscillatory wall shear stress (WSS) [7]. For this reason, knowledge of the
local hemodynamics in specific regions can help identify sites that are at risk of plaque formation as
well as develop a method to predict growth and progression of a plaque [13-15]. The OSI, first
described in literature by previous studies [16, 17], is a measure of the portilon of the cardiac cycle
during which a point on the luminal surface experiences a flow that is in a direction other than that
of the predominant direction of flow [18]. Bare metal stents have good radial stiffness and prevent
serious elastic recoil post-deployment, and therefore reduce the restenosis rate. However, in the
later stages of implantation, they will still cause higher rates of in-stent restenosis (ISR) [19].

2. Methodology
2.1 Theory

In a majority of studies blood is treated as a Newtonian fluid, as in Refs. [13, 38, 43, 44]. This is
counterintuitive given that blood is known to be a shear thinning non-Newtonian fluid. The primary
argument given is the diameter scale for the carotid arteries compared to the constituents that make
blood non-Newtonian. And the effect can be neglected due to the high shear rates due to the high
velocities [45]. In fact, it does not result in an appreciable effect on the results of the pressure field
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according to previous studies [11, 47]. But for stenotic arteries, the effect of blood rheology on the
resulting velocity fields and WSS in low-WSS areas is not insignificant [46, 47] and should be
considered. liquid. The analysis is carried out by applying Navier-Stokes equations and by using the
appropriate viscosity model.

Among the many non-Newtonian models, the Carreau-Yasuda is shown to fit the experimental
shear rate relationship well [48]. The Carreau-Yasuda relationship is given by Eq. (1),

Bl _ Ay
e =+ @Y

(1)

where, u, is the viscosity as zero shear, U is the viscosity of the free stream fluid, 1 is the
relaxation time, y is the shear rate, n is the power law index and finally a is called the Yasuda
exponent.

This relation shows that blood is essentially a shear thinning liquid. This is not an unusual property
considering that blood, although appearing to be a continuum of sorts, is actually a multiphase liquid
with components like plasma (50-55%), Red blood cells, White blood cells and platelets, with red
blood cells being a large portion of the non-plasma component (over 90%) [49].

The number of cardiac cycles executed by the heart or the heart rate is measured in beats per
minute (bpm). The heart rate for the average adult is 65 + 10 bpm [42].

The continuity equation for a fluid the following is obtained as in Eq. (2),

v-U=0 (2)

further, according to Newton’s second law, which is the principle of conservation of momentum
which in turn gives the following relation in Eq. (3),

p Pt p(U- VT~ 7-T(U)+ =5 3)

where T(l_f) = ,u(Vl_f + VTl_f) is the viscous contribution to the Cauchy stress tensor. This equation
is the famous Navier-Stokes equation for incompressible flows.

The boundary conditions for a CFD study are also important from the perspective of the
correlation of results to real world data.

2.2 Geometry Modelling and Analysis

Computational studies of patient-specific carotid artery bifurcations necessitate the presence of
geometric data that may be used to create the fluid and solid computational domains. This is normally
obtained by reconstructing the data obtained by Computed Tomography, Magnetic Resonance
Imaging or Magnetic Resonance Angiography techniques [1, 9, 17, 20-23] and in some cases Doppler
Ultrasound too [32, 40, 41]. The prevalent used of the former group of techniques is due to their
superior resolution which then allows for fairly accurate three-dimensional (3D) geometry
reconstruction of the required vessel wall (subject to adequate contrast) and the lumen. Although
3D-DUS shows good agreement when lumen cross-sections are concerned, it has limitations like
operator dependence and limited field of view, so is not preferred when other sources are available
[32]. The fact that reconstructed geometry is representative of the actual arterial geometry in-vivo
and suitable for numerical studies was demonstrated by Long et al., [23-29], where scans were taken
some weeks apart and then the compared based on defined geometric features like the centerline
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geometry and lumen area. There was good agreement, showing that the technique of reconstruction
based off medical imaging data was suitable for this purpose [27-39].

The patient specific geometries are generated in Mimics Research 21.0 (Materialise, Leuven,
Belgium), from Computed Tomography Angiographs. The angiograph ‘slices’ have a thickness
approximately between 0.9mm for the high-resolution studies and 5mm for faster CT studies and
pixel dimensions of 0.92mm per pixel dimension. The total resolution in the axial plane was between
356x356 to 512x512 pixels for the patient data. With appropriate thresholding set in Hounsfield Units
(HU), the carotid was identified reconstruction was carried out as shown in Figure 1 (a). 3D model
obtained after vessel segmentation is as shown in Figure 1(b).

(a) (b)
Fig. 1. (a) Patient-specific gecometry being segmented and recreated, (b) Geometry of the artery
after smoothing the mask

A number of designs of stents are in surgical use for CAS procedures. In order to carry out the
placement of the stent in the artery and the creation of the fluid domain post stent placement, the
closed-cell stent was modelled based on the commercially available XACT™ Carotid Stent system
manufactured by Abbot [50]. It is a closed cell self-expanding nitinol stent. Due to the suggested
placement of the stent along the CCA and ICA in the cases considered in this work, a taper stent,
model number 82090-01, was selected. This stent has a diameter of 6mm on the distal end and 8mm
on the proximal end and is 40mm in length. The stent strut widths and thicknesses were assumed to
be 0.12mm, i.e., nearly of a square cross-section. Stent placement in the arteries was carried out by
adding the stent to the CAD file, positioning it as recommended by a medical professional and
surgeon, and the artery wall was deformed or remodeled to accommodate the stent. A variety of
CAD operation were carries out to expand the arterial lumen, place the stent suitably and align it with
the centerline of the CCA and so as to manage a physically plausible geometry after placement. The
proximal ends of the ICA were moved in space to ensure good alignment prior to lofting and
reconstructing cut portions (distal end of ICA). Suitable modifications are made to the files in order
to facilitate subsequent geometric operations and avoid errors that may result in zero length
geometry and cause bad geometry or CAD operation failures. Having taken care of these issues, the
stent is then Boolean subtracted from the modified geometry in order to obtain the fluid region of
interest. The total six geometries considered for the analysis is as shown in the Figure 2.
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CASE 1 CASE 2 CASE 3
Pre Stent Post Stent Pre Stent Post Stent Pre Stent Post Stent

Fig. 2. The pre and post stenting geometries for the three cases with the
respective stenosis highlighted.

The CFD analysis is caried out on the prepared fluid domain geometries in ASYS Fluent (Ansys Inc.,
Canonsburg, PA). The analysis is to be of the transient type since data is to be collected and time
averaged over a cardiac cycle. Three cardiac cycles are simulated. This is to ensure any spurious
values due to poorly selected initial conditions and assumptions do not carry over into the required
period chosen for measurements [third cardiac cycle] and for the transient analysis to stabilise. The
time varying velocity profile is specified as an input velocity as shown in Figure 3 (a), for the study by
means of a UDF. The time varying pressure profile depicted in Figure 3 (b), is specified as an output
over the ICA and ECA ends by means of a UDF. As for the viscosity of blood, the Carreau-Yasuda model
is used for analysis and is specified in the same UDF with values of constants picked as per Cho and
Kensey [48]. The walls of the fluid domain are a no-slip boundary and this is applied to all walls
including the stent’s struts. The density of whole blood is taken to be a constant with a value of 1050
kg/m3. The SIMPLE scheme is adopted for pressure-velocity coupling to enforce mass conservation
and to calculate the pressure field. Second order upwind spatial discretisations are used in the solver
for accurate results and a higher order term relaxation of 0.4 is specified on the flow variables to
avoid the initial instability that arises from using second order upwind schemes with a poor initial
guess of the solution. The pressure interpolation scheme is the Standard scheme used by ANSYS
Fluent.
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Fig. 3. (a) The time varying velocity profile, (b) The time varying outlet pressure condition.

3. Results

The results of the CFD studies are presented in this chapter. The results for the stenosed and
stented arteries are compared. The differences between the stenosed and stented patient-specific
cases are assessed with respect to the region of disease. Further the hemodynamics of the stented
arteries are discussed. The results obtained in the third cardiac cycle of the transient CFD analysis at
three points in the cycle are presented in the following subsections. They highlight average quantities
over the cardiac cycle as well as parameters at specific points in the cardiac cycle which are of
interest, namely, early systole, peak systole and early diastole.

3.1 Velocity

In Figure 4, the plots of the velocity streamlines for all three cases are presented, both in the pre
and post stenting studies. As expected for the stenosed geometries, the highest velocities in the flow
domain occur at or very near the stenosis. This can be explained due to the reduction of flow area
due to the reduced lumen size in that region. In all the post stenting cases there is a reduction of the
maximum flow velocities in the domain, as expected. The procedure of CAS results in a widened
lumen and the reduction of peak velocities seen in the artery is a result of this. Case 1, Case 2 and
Case 3 see a reduction of peak velocity of about 34%, 65% and 10%. The drastic reduction in Case 2
is attributed to the severe stenosis. For Case 3, the overall reduction in the peak velocities is not very
large. And this is due to the fact that the stenosis for this case was present in the region of the
bifurcation and not in the ICA like Case 1 and Case2. The reduction of the arterial lumen was slightly
compensated for by the carotid sinus present at the bifurcation.
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Fig. 4. Velocity streamlines across the three cases, pre and post stenting, compared at 3 points in the
cardiac cycle.

3.2 Pressure

In Figure 5 the plots of pressure contours for all three cases are presented, both pre and post
stenting. In the pre-stent studies for all patients there is a larger pressure drop between the CCA and
the ICA and ECA. The elevated pressures in the CCA region are expected. This would imply that more
effort is required to move blood past the stenosis. In the post stenting studies, there is a reduction
in pressure drop across the stenosed region across all cases. The stent in the artery removes the
restriction caused by the stenosis and so there is less resistance to the flow due to it. Case 1, Case 2
and Case 3 see a reduction of peak CCA pressure of about 13%, 38% and 3%. For Case 2, which has a
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particularly severe stenosis, it is evident that the reduction of pressure is significant at peak systole.
For Case 3 the overall pressure reduction is not as great as that of the other two cases, and this can
be attributed, again, to the fact that the stenosis in this case is located at the bifurcation and not in
the CCA itself and because of this the effect of the stenosis is not extremely pronounced.
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Fig. 5. Plot of pressure contours across the three cases, pre and post stenting, compared at 3 points in
the cardiac cycle

3.3 Time Averaged Wall Shear Stress

As seen in Figure 6, for all the pre-stent cases, relatively small regions of low TWSS (shown in red)
are observed near the regions of the stenosis. These could contribute to the further growth and
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progression of atherosclerotic plaque and is an indicator is plaque growth risk [9]. In the post-stent
cases, the observation is that large portions of the stented region experience low TAWSS. This may
be associated with the drastic geometric widening in the arterial lumen induced by placement of the
stent as well as the presence of the stent itself. The large regions of low TAWSS in the post stenting
studies point to increased chances of plaque formation and restenosis. For Case 1, post stenting the
low TAWSS area is not as large as that of the other two cases, and this could be explained by the
arterial geometry post stenting that causes the incoming flow to impinge upon the arterial wall. This
sort of arterial bending when using a stent is seen with more tortuous arterial geometry post stenting
when using a closed cell stent.

Case 1 Case 2 Case 3
Pre-Stent Post-Stent Pre-Stent Post-Stent Pre-Stent Post-Stent

A%
Wall Shear.Tma: Wall Shear.Tmavq
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¢ 1.000 1000 §

g 1.000 g 1.000 Ji

\L
N
0.000 0.000 0.000 0.000 g
[Pa] [Pa] \

|
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[Pal [Pa [Pal

[Pa]

Fig. 6. TAWSS plots for all three cases, pre-stenting and post-stenting
3.4 Vorticity

Vorticity as a quantity mathematically describes the spinning motion or rotation of a parcel of
fluid as would be seen by an observer travelling with the fluid parcel in time and space. Figure 7
shows the plots of vorticity for all three cases, both in the pre and post stenting studies. From the
figures it is seen that the vorticity, at the beginning and end of the cardiac cycle are relatively low as
compared to the vorticity values at peak systole, where the flow velocity is maximum for each
respective case.In the stenosed models, very large values of vorticity are seen in the stenosis regions,
especially for Case 1 and Case 2. In the case of Case 3, again, since the stenosis is in the bifurcation
region, there is a less pronounced increase here. Case 1, Case 2 and Case 3 see a reduction of vorticity
at peak systole of about 58%, 60% and 58%. In the post stenting studies, the overall vorticity
magnitudes are decreased. The bifurcation apex between the ICA and ECA shows high values of
vorticity. But low magnitude vorticity is observed in the stented region likely owing to the
discontinuous nature of the artery wall due to the presence of the stent on it. The implication is that
the stent leads to some weak near wall vortex generation.
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Fig. 7. Vorticity plot for the three cases, pre and post stenting, compared at 3 points in the cardiac
cycle

3.5 Oscillatory Shear Index

In Figure 8 the areas of low OSI are shown in white. These regions represent areas on the artery
wall that see little to no directional variation of blood flow. The low OSI areas are much larger in the
post-stent cases as compared to the stenosed cases. The stents seem to cause a reduction of the
locations along which the blood flow oscillates. The presence of the struts of the stent introduces
localized zones of high OSI (shown in blue) in the stent region. And this is a factor that may lead to
plague formation and possible restenosis, based on observations made by Lee et al., [9], since these
are regions of disturbed flow and also corelate with the areas of low TAWSS. A small amount of flow
direction oscillation seems to occur near the stent’s struts based on the relatively higher OSI values
there, but these regions are not significant in size compared to the neighbouring regions of low OSI.
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Fig. 8. OSI plots for all three cases, pre-stenting and post-stenting

3.6 Helicity

The helicity plots for all the cases are shown in Figure 9. Helicity is a signed quantity given by the
dot product of the velocity vector and the vorticity vector, and tells us about the tendency of the flow
to corkscrew along the direction of the flow. A right-handed corkscrew motion is denoted by positive
helicity values and left-handed corkscrew motion is denoted by negative values by definition. A
general observation is that for all the cases the helicity of the flows appears to reverse at locations
where the fluid is redirected rather suddenly. The region of highly helical flow is largest at peak
systole in both the pre-stenting and post stenting studies. Largely, the corkscrewing of the flow seems
to remain unchanged due to CAS for Case 1 and Case 3 which had a less severe degree of stenosis.
For Case 2 the helicity of the flow appears to have changed substantially with the direction of flow
rotation seemingly reversed downstream of the stenosis. The struts of the stent also seem to induce
vortex formation as mentioned above and this is can be seen in Figure 4 in the post stenting diagrams.
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Fig. 9. Helicity plots for the three cases, pre and post stenting, compared at 3 points in the cardiac
cycle

4. Conclusions

The goal of this work was to study the variation of shear stresses and hemodynamic parameters
in stented patient specific carotid arteries. A comparison of the pre and post stenting geometries is
carried out. The reconstructed carotid artery bifurcation geometries were modified to represent the
shapes of the patient-specific geometry after a CAS intervention, with the inclusion of the stent. With
respect to the TAWSS, it is observed that in the post stenting studies the region in which the stent is
deployed corresponds to a region of low average stress. This may be attributed to the marked
enlargement that the stent tends to cause in the area in which it is present. This sudden widening
results in lower velocities in this region, and hence lower wall shear stresses. When looking at the
effects of the stent on the OSI the pre-stenting and post stenting studies, it is apparent that the region
of high values of OSI (between 0.2 to 0.5) decrease in the post stenting cases. But regions near the

110



CFD Letters
Volume 15, Issue 6 (2023) 98-114

stent’s struts also show up as areas of high values of OSI. As stated in prior literature, areas of low
TAWSS and high OSI correlate with location of plaque formation. And from the observations made in
this work, there are locations in the stent placement region that fulfill this criterium. This leads us to
the conclusion that there exists a possibility that restenosis could occur in the stent containing region.
The velocity streamline plots as well as the pressure contours show the remedial effects of CAS. The
pressure drops between the CCA and ICA are reduced. And for 2 of 3 cases the rate of flow in the ICA
is dramatically restored. Case 1 and Case 2 see an increase of ICA flow velocity, downstream of the
prior location of the stenosis, at peak systole of about 90% and 108%. Case 1, Case 2 and Case 3 see
a reduction of peak CCA pressure of about 13%, 38% and 3% respectively. The vorticity plots highlight
areas where the portions of the flow become rotational. These are areas where flow impingement
occurs, like the apex of the carotid bifurcation in both, the pre-stenting and post stenting cases, as
well as regions around the stenosis. The helicity plots help visualise the manner in which the arterial
blood flow tends to rotate as it flows downstream from the CCA. For the post stenting cases at peak
systole, we see that the stent struts, due to their small but definite protrusion from the arterial wall,
cause localized pockets of counter rotating fluid spaces.
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