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a b s t r a c t
Quantitative assessment of the hemodynamic impact of carotid artery stenting (CAS) represents an important ingredient to understand the CAS long-term outcomes, which are still a matter of clinical debate.
Although computational ﬂuid dynamics (CFD) has been extensively used for the biomechanical analysis
of carotid arteries in healthy and stenotic conditions, there are few contributions in the literature dealing
with post-stenting conditions because (i) current medical images do not have suﬃcient resolution to accurately reconstruct the stent geometry, and (ii) the generation of a body-ﬁtted mesh of the stent-artery
conﬁguration is cumbersome. Motivated by these considerations, the present study proposes a numerical
approach able to implicitly account for the stent geometry in the post-operative patient-speciﬁc hemodynamic CFD analysis by introducing velocity penalty terms in the weak form of the equations governing
blood ﬂow in arteries. Such an approach allows us to compare different patient-speciﬁc CAS scenarios,
ranging from a healthy carotid to a post-stenting conﬁguration after the treatment of a severe stenosis,
and paves the way for rapid CFD-based investigations of the hemodynamic impact of novel endovascular devices with complex grid designs. Test computations as well as patient-speciﬁc CAS simulations are
presented in this paper, with good results obtained in all cases.
© 2016 Published by Elsevier Ltd.

1. Introduction
Internal carotid stenosis (ICS), i.e., the abrupt narrowing of the
internal carotid artery, is nowadays a common cardiovascular disease [1], increasing the risk of stroke, which is the second most
common cause of death in Europe [2]. Although the endovascular
approach, i.e., carotid artery stenting (CAS), is the most diffused
treatment for ICS, its long-term eﬃcacy when compared to its surgical counterpart, i.e., carotid endarterectomy, is still a matter of
clinical debate, mainly due to neurological and cognitive long-term
drawbacks [3]. Such a controversy calls for a deep understanding
of the biomechanical impact of CAS on the post-operative artery
physiology. In this perspective, computer-based simulations are
widely adopted to investigate both mechanical [4] and hemodynamical aspects [5] of CAS. Although the hemodynamics of healthy
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[6–8] or stenotic [9–11] carotids is extensively investigated by computational ﬂuid-dynamics (CFD), relatively few works deal with the
analysis of stenting. This shortfall is largely due to two main diﬃculties: (i) the stent geometry [12] is often blurred in medical images commonly adopted for the creation of patient-speciﬁc vascular models, such as computed tomography angiography (CTA); (ii)
creation of analysis-suitable meshes able to catch the protrusion of
the slender stent struts into the blood volume is especially challenging [13]. Similar modeling and simulation challenges exist for
intracranial aneurysm stenting, and have been addressed using a
variety of approaches [14–16].
Motivated by such considerations, in the present work, we analyze carotid-artery hemodynamics before and after stenting using patient-speciﬁc CFD analysis, based on pre- and post-operative
CTA of a real clinical case. In this context, we present a numerical
approach able to account for the actual stent geometry, the details of its strut design, and the portion protruding into the blood
stream at the level of the bifurcation, where the stent grid partially occludes the perfusion of the external carotid artery (ECA).

M. Conti et al. / Computers and Fluids 141 (2016) 62–74

63

Fig. 1. Stenosis of the left carotid artery (pre-operative image) and deployed stent restoring vessel patency (post-operative image).

Fig. 2. Volume rendering and segmentation of the pre- and post-operative CTAs. The segmentation embeds also the calcium and the stent, which are reported for illustrative
purposes.
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Fig. 3. Cases under investigation. (a) Healthy case, i.e., right carotid artery. (b) Pre-operative case, i.e., left carotid artery, with stenosis; the start (A) and end (B) point of
the centerline portion considered for the tortuosity index calculation are reported. (c) Post-operative case, i.e., left carotid artery after the stent implant, as derived from the
medical image analysis. (d) Post-operative case overimposed with the stent model reconstructed to account for the actual stent design. It is worth noting that case (c) is
reported only for comparative purposes and is not included in the cases considered for CFD analysis. We know that the ﬂow splits from the common carotid artery into the
internal carotid artery and external carotid artery even after stenting, given the grid-like structure of the stent. As we can appreciate from the zoom reported in the blue
box, for both cases (c) and (d), the direct segmentation of the post-operative images of case (c) does not reproduce the stent grid protruding into blood ﬂow and, therefore,
is not suitable for our purposes leading to an unrealistic barrier to the external carotid artery ﬂow (see the branch view in the green box). The inclusion of the stent model,
immersed into the ﬂuid domain, allows instead to reconstruct a realistic situation, where the stent grid only partially occludes the ECA ﬂow as highlighted by the boxed
zoom of (d). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

Such a method is based on the enforcement of null velocity condition in the weak form of the Navier–Stokes equations through the
introduction of penalty terms. The effectiveness of the proposed
approach is conﬁrmed on a simple test problem, and in the context of a geometrically-complex patient-speciﬁc CAS.
2. Materials and methods
In this section, we present the clinical case we aim to study,
along with a description of the analysis set-up we use for the numerical simulations. This also includes a brief description of the
penalty approach used to account for the presence of stent geometry in the CFD analysis. A simple test problem is computed to show
the viability of the penalty-based approach.
2.1. Clinical summary
A 55-year-old asymptomatic female presented with a stenosis (80% NASCET method) of the left internal carotid artery (ICA).
Pre-operative assessment included duplex ultrasound and contrastenhanced CTA of the neck that conﬁrmed a stenosis greater than
80% with a ﬁbrocalciﬁc plaque in the internal left carotid artery
(see Fig. 1), without signiﬁcant stenosis in the controlateral internal carotid artery (40% NASCET method). Due to the presence of
bulky non-toxic multinodular goiter, the short neck, and the previous laterocervical surgery, the patient was considered for endovascular intervention. The procedure was performed in an operating
room; the stenosis was easily crossed and a distal cerebral protection device (Emboshield NAV6 Embolic Protection System, Abbott Vascular) was positioned in the ICA. A self-expanding stent

(Xact Carotid Stent System 8-6 x 40 mm, Abbott Vascular) was deployed in the internal carotid artery (see Fig. 1), followed by dilatation with a balloon (Falcon Grande 4.5 x 20 mm, Invatec). A
control angiogram of the cervical carotid circulation showed adequate ﬂow through the previously stenotic lesion. The right percutaneous access was closed by a closure system (Perclose ProGlide
Suture-Mediated Closure System, Abbott Vascular). The patient was
discharged the day after without any neurological complication.
2.2. Medical imaging analysis and CFD cases
In order to perform hemodynamic analyses before and after
stenting, we need a 3D patient-speciﬁc model of both the preoperative and the post-operative conﬁgurations. For this reason,
we have segmented both pre-operative and post-operative images, which have been obtained from a follow-up exam performed
one month after the procedure. Using an approach similar to
the one proposed in [17], we perform the image segmentation
of contrast-enhanced CTAs using the open-source software ITKSnap [18], which implements a 3D active contour segmentation
method. The resulting 3D models, depicted in Fig. 2, are exported
as stereolithography representation (STL format), and are further
processed for the purposes of CFD simulation.
Since the stenosis is affecting only the left internal carotid
artery, we consider the right carotid as the healthy reference situation; as a consequence, we refer to three models, labeled as follows:
1. Healthy: This is the model of the non-stenotic artery, i.e., the
right carotid, obtained from image analysis of the pre-operative
CTA (Fig. 3a).
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Fig. 4. Schematic representation of the boundary conditions; post-operative case is considered as an example (on the left). The 3D model of the carotid bifurcation together
with the RCR networks (0D) model the downstream vascular bed. The ﬂow rate waveform [6] prescribed at the CCA inlet section is shown on the right; three time instants
are highlighted, and we consider T2, i.e., the systolic peak, for the post-processing of the results.

2. Pre-operative: This is the model of the stenotic artery, i.e., the
left carotid before the stent implant, obtained from image analysis of the pre-operative CTA (Fig. 3b);
3. Post-operative: This is the model of the originally stenotic
artery, i.e., the left carotid, after the stent implant, obtained
from image analysis of the post-operative CTA (Fig. 3d);
Given the goal of the study, 3D reconstruction of the calciﬁcations and the stent have been included in the model just for visualization purposes. In fact, we are mainly interested in the surface
deﬁning the pre- and post-operative carotid lumen in order to deﬁne the volume domains for CFD analysis as described in Section
2.2. In particular, from Fig. 3c it is evident that the stent segmentation from the post-operative CTA does not reproduce the complex
strut design of the XACT stent as expected, because of the image
blurring in the stent region caused by the metallic struts; moreover, we can also notice how the stent signiﬁcantly straightens the
artery. In order to quantify such a straightening, we have ﬁrst registered the post-operative lumen proﬁle onto the pre-operative one
using the module vmtkicpregistration, available within the library
Vascular Modeling Toolkit (VMTK-http://www.vmtk.org); then, for
both cases, we have computed the centerline of the 6 cm CCA/ICA
portion, in the stented region, measuring thus the vessel tortuosity1 [19]. As illustrated in Fig. 3c, the segmentation of the post1
Given the centerline, we quantify the vessel tortuosity computing the measure
(L/D-1) for the stented CCA and ICA segments, where L is the length of the centerline from the origin (point A) to the end of the stented region (point B) and D is the
Euclidean distance between the two points (see Fig. 3b); the tortuosity is therefore
deﬁned as the fractional increase in length of the tortuous vessel corresponding to
a perfectly straight vessel; the more straight is the vessel, the smaller is the index.

operative images does not reproduce the stent grid protruding into
the blood ﬂow leading to an unrealistic barrier to the external
carotid artery ﬂow, being not suitable for the purposes of CFD analysis. For this reason, we consider a stent model, resembling the
design of the implanted one, derived from a micro-CT of the real
device as described in previous works [4,20,21]. The inclusion of
such a stent model, immersed in the ﬂuid domain, allows instead
to reconstruct a realistic situation, where the stent grid only partially occludes the ECA ﬂow as highlighted by the boxed zoom of
Figure 3d. In particular the stent model consists of 164,370 nodes
connected by 519,731 tetrahedral elements, which will be used
in the routine for the implementation of the penalty method described in Section 2.3.2. The stent model has a strut thickness of
0.18 mm, a strut width of 0.12 mm, a total length of 40 mm, a stent
distal diameter of 5.74 mm, stent proximal diameter 8.21 mm, resembling thus the tapered post-operative conﬁguration of the stent
resulting from the post-operative CTA images.
2.3. Numerical methodology, mesh generation, and simulation
procedures
Simulations in this paper are carried out by solving the Navier–
Stokes equations of unsteady, incompressible ﬂow in the region of
interest, hereafter denoted by . We assume a Newton rheology—
i.e., we make use of a constant viscosity—which is commonly considered to be adequate for large- and medium-size blood vessels
[22].
Let u and p be the blood ﬂow velocity and pressure, respectively, ρ be the constant blood density (assumed to be 1.0 g/cm3 )
and μ be the dynamic viscosity (assumed to be 4.0 cP). The
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The Navier–Stokes equations are supplemented by suitable initial and boundary conditions. The initial conditions are typically
null velocity and pressure ﬁelds, corresponding to a ﬂuid at rest.
The following boundary conditions are employed:
•

•

•

At the luminal surface, we prescribe null velocity assuming that
the blood vessel is rigid. Blood-vessel wall ﬂexibility may be incorporated in the modeling as in [23–30] to further improve
the physiological realism of the simulations, however, this is
not done here and is left as future work.
At the inﬂow section (CCA), depicted in Fig. 4, we prescribe the
ﬂow rate by selecting a velocity proﬁle yielding the ﬂow waveform considered in [6].
At the outﬂow sections (ICA and ECA), depicted in Fig. 4,
we prescribe conditions based on the classical three-element
Windkessel model of distal circulation [31]. This means that the
peripheral impedance at each outﬂow section is represented by
two resistances R1 and R2 , and one compliance C (RCR model).
Numerical values for these parameters are taken from [6]. Such
realistic Robin-like boundary conditions, obtained as a result
of coupling a lumped-parameter model (0D) at the two outlets with the 3D patient-speciﬁc model of a carotid bifurcation
section, may be thought of as a multiscale model that takes
into account the particular physiological working conditions of
the carotid bifurcation. An extensive discussion of interface conditions employed in multiscale modeling of vascular hemodynamics may be found in [32–35].

2.3.1. Fluid mechanics discrete formulation
The ﬂuid mechanics discrete formulation makes use of a
Residual-Based Variational Multiscale (RBVMS) technique [36],
which, in turn, emanates from stabilized and multiscale ﬁniteelement formulations of ﬂuid ﬂow [31,36–41]. RBVMS was developed in the context of large-eddy simulation (LES) of turbulence
modeling, and performs equally well on laminar, transitional, and
turbulent ﬂows. The RBVMS formulation is based on the weak
form the Navier–Stokes equations of incompressible ﬂows, which
may be stated as: ﬁnd the ﬂow velocity and pressure {u, p}, such
that ∀{w, q}, the linear-momentum- and continuity-equation test
functions



∂u
w·ρ
d +
w · (ρ u · ∇ u ) d  −
∇ · w p d
∂t






+
∇ S w : 2μ∇ S u d + q∇ · u d − w · ρ f d



−
w · h dh = 0.



Fig. 5. Schematic representation of the method to search and mark Gauss points
of the ﬂuid-mechanics mesh for penalization. (a) A sample mesh is shown overlain
by a simple rectangular grid, which divides the mesh into subregions. Each subregion contains a list of all elements that are (partially) included within its boundary.
Some elements may belong to several lists. (b) A sample of two meshes contained
within a subregion. We search over the Gauss points of the ﬂuid (blue) mesh, and
search all elements of the solid (red) red mesh to ﬁnd out if the point also lies
inside the solid mesh. In that case, we conclude that the Gauss point is in the interior of the solid domain, and mark it for penalization. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version
of this article.)

Navier–Stokes equations of incompressible ﬂows may be written
as






∂u
+ u · ∇ u + ∇ p − ∇ · μ ∇ u + ∇ uT = f,
∂t

h

(3)

Here ∇ S u = 12 (∇ u + (∇ u )T ) is the symmetric gradient,  is the
problem domain,  h is the traction boundary, and h is the applied
traction vector.
In addition to RBVMS, in order to prevent divergence in the discrete solution due to possible backﬂow at the model outlets, we
add a so-called backﬂow stabilization term to the discrete formulation (see [42] and references therein for details). The term takes
on the form

−β



h



w·ρ



u · n − |u · n|
u dh ,
2

(4)

(2)

and is added to the left-hand-side of Eq. (3). By construction, the
term is active only on the parts of the outlet boundary where the
ﬂow locally reverses. In the above equation n is the unit outward
normal vector, and β is a positive coeﬃcient less than or equal to
unity. We set β = 0.2 in all the computations shown in this paper.

where f is the body force per unit volume. The equations hold for
x ∈  and 0 < t ≤ T where T is the duration of the time interval
of interest, e.g., a cardiac cycle.

2.3.2. Penalty approach
In the present application, we wish to restrict the ﬂow through
particular regions of the ﬂuid mechanics domain that are occupied

ρ

∇ · u = 0,

(1)
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Fig. 6. Test problem to evaluate the effectiveness of the penalty approach to model ﬂow disturbance due to a slender cylinder immersed in a tubular channel.

Fig. 7. Cross-sectional view of the velocity magnitude contours for both body-ﬁtted and immersed simulations.
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Fig. 8. Plot of the computed velocity magnitude along the radial (section A-A in Fig. 7) and longitudinal (section B-B in Fig. 7) direction of the channel.
Table 1
Mesh statistics for each of the cases simulated.
Test problem

Nodes

Elements

Penalty (Coarse)
Penalty (Fine)
Fitted

170,442
333,476
228,440

1051,749
2083,196
1401,509

Carotid artery
Healthy
Pre
Post

Nodes
467,834
42,410
132,092

Elements
2826,854
234,432
775,102

penalty technique (see [43–45] for illustrative examples of the use
of a penalty technique in cardiovascular simulations). In our context, the penalty method amounts to adding the following terms to
the left-hand-side of Eq. (3):



+

s

w · C pen u d.

Here, Cpen is a mesh- and solution-dependent penalty parameter
deﬁned as



C pen = C max
by a solid material, denoted by s . However, we wish to do so
without deﬁning a conforming mesh of the solid boundary for reasons discussed earlier in the manuscript. Thus, a natural approach
amounts to the use of a fairly standard (albeit somewhat crude)

(5)

ρ|u| μ
h

,

h2



,

(6)

where C is a dimensionless positive constant. Note that, depending
on whether convection or diffusion dominates locally, the penalty
parameter adjusts to the ﬂow regime accordingly.
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Fig. 9. Inclusion of the stent model into the ﬂuid domain. (a) Stent model overimposed to the lumen surface; (b) Contour-plot of point-wise distance between the stent
model and the lumen surface; (c) Elements (in black) of the ﬂuid mesh overlapping the stent model.

The terms in Eq. (5) are computed using Gaussian quadrature.
The procedure for locating the ﬂuid-domain quadrature points that
lie in s is based on the ‘point in a polygon’ method [46], which
was previously employed and described for similar applications in
[40]. The method works by eﬃciently sorting every element of the
solid-domain mesh into distinct subregions with simple geometries, such as cubes. An element may, of course, belong to multiple subregions. A 2D illustration is provided in Fig. 5a, where containers for subregions 1-9 are ﬁlled with the elements inside the
considered subregion. Next, the main ﬂuid mesh is loaded, and a
loop over Gauss points is performed. Each Gauss point is mapped
to a particular subregions, such as, for example, subregions 1–9 in
Fig. 5a. A search is then performed over all elements in the same
subregion and the parametric coordinates of each Gauss point is
determined for each element of the solid mesh. If the parametric
coordinates fall in the appropriate range for a given solid-mesh element, then the Gauss point is ﬂagged for penalization.
As an example, Fig. 5b shows two distinct meshes in a subregion. The Gauss points of a given ﬂuid-mesh (blue) element are
shown, and for each Gauss point a search over the solid-mesh elements (red) contained in the same region is performed. In this
example, a match is found for Gauss point 1, and thus we ﬂag this
point for penalization. Gauss points 2 and 3 fall outside the solid
domain, and will not be considered in the penalty integral given by

Eq. (5). This approach shows excellent parallel scalability, and the
Gauss-point search takes a few seconds for all models considered
in this paper.
2.3.3. Flow around a slender cylinder immersed in a tubular channel
In order to evaluate the eﬃcacy of the proposed approach, we
perform steady-ﬂow simulations of a test problem illustrated in
Fig. 6, where a slender solid cylinder is placed orthogonally to the
ﬂow in a tubular channel. We expect to implicitly capture with
our penalty-based approach the ﬂow disturbance induced by the
slender cylinder, which has a diameter of 0.1 cm. The channel has
the diameter of 1 cm and length of 2 cm. Simulations are performed using the inﬂow ﬂowrate of 12 cc/s. The ﬂow Reynolds
number based on the cross-section averaged velocity is about
40.
The problem is computed using three meshes (see Table 1). The
ﬁrst is a body-ﬁtted mesh comprised of 1401,509 linear tetrahedral
elements where the “reference” solution with exact satisfaction of
non-slip conditions on the slender cylinder surface is computed.
The two remaining meshes for the penalty-method computations
contain 1051,749, and 2083,196 linear elements, respectively. Two
different mesh resolutions are employed to assess convergence toward the ﬁtted-mesh solution. Each simulation is computed using
a time-step size of 1 ms until a steady state is reached.
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Fig. 10. Flow rate at the inlet and outlet sections for the three cases under investigation: From left to right, healthy, pre-operative, post-operative.

Table 2
Flow split among the two carotid branches, i.e., ICA and ECA. The results are reported as percentages of the inlet ﬂow rate.

Healthy
Pre
Post

ICA

ECA

52
14
50

48
86
50

straightening of the artery is followed by kinking of the distal ICA
after CAS; at the same time, we can notice that the stent implant
has a local impact on the geometrical changes of the vessel, while
the overall tortuosity of the artery from the proximal stent end to
the CCA base remains unchanged.

3.2. Inclusion of stent model in the post-operative domain
A cross-sectional view of the contour plot of the velocity magnitude for both penalty and body-ﬁtted approach is reported in Fig.
7. We can observe that, qualitatively, the penalty approach is able
to capture the main ﬂow disturbance caused by the presence of
the slender cylinder in the channel.
A cut line of the velocity magnitude through the center of the
cylinder in both longitudinal and radial directions is shown in
Fig. 8. The results of three simulations are reported in the ﬁgure. Although zero velocity in the slender cylinder region is not
achieved, the results show improvement with mesh reﬁnement.
Setting a higher value of the penalty constant C in Eq. (6) will
likely result in an even better satisfaction of the no-ﬂow conditions
in the slender cylinder region.
3. Results and discussion
In this section we present and discuss the results of the patientspeciﬁc simulations, where the proposed penalty approach is used
on the actual clinical case described in the previous section. The
statistics of the ﬁnite-element meshes employed in the CFD simulations may be found in Table 1.
3.1. Post-stenting arterial geometry
The measured arterial tortuosity is 0.0844 and 0.0295 for the
pre- and post-operative case, respectively, indicating a decrease
(65%) after CAS; such a result is in accordance with Kamenskiy
et al. [47], who reported a signiﬁcative straightening of stented arteries in a number of clinical cases. As clearly visible in Fig. 3, the

The inclusion of the stent model in the post-operative domain
is performed through the detection of the elements of the ﬂuid domain overlapping the elements of the stent mesh, which is superimposed on the ﬂuid tetrahedral mesh for this purpose. To assess
the relative position of the stent model with respect to the vessel
lumen proﬁle (see Fig. 9), reconstructed from the post-operative
medical images, we have computed the point-wise distance between the stent surface and the luminal surface by the VMTK module vmtksurfacedistance. As illustrated by Fig. 9b, the higher distance between the stent surface and the lumen inner proﬁle is
located at the level of the bifurcation, and in particular, as expected, at the entry side of the ECA, i.e., the secondary branch of
the common carotid, where the stent does not touch the wall and
signiﬁcantly protrudes into the lumen volume. In this region, such
a distance is overall higher than 0.1 cm and has a maximum of
0.265 cm. We can also notice that there is a portion (1 cm) of the
stented region, in the central part of the ICA (almost 0.5 cm from
the bifurcation), where the stent surface is slightly out of the lumen proﬁle; such a mismatch is the reason why there is no overlap
between the ﬂuid domain and the stent in that region, as shown
in Fig. 9c. Although this is an aspect to be improved, it has a minor
impact for the purpose of our study because the stent protrusion
at the level of the bifurcation, which is one of the most signiﬁcant
aspects of the post-operative vessel-stent conﬁguration, is captured
by the proposed methodology. A possible solution to enforce the
stent model to be completely inside the ﬂuid domain could be the
implementation of a geometrical mapping of the stent design onto
the lumen proﬁle or to perform a structural ﬁnite element analysis
to deploy the stent model within the post-operative lumen model.
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Fig. 11. Volume rendering of the magnitude of the computed velocity ﬁeld for the healthy (left), pre-operative (middle), and post-operative cases at the systolic peak.
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3.3. Carotid hemodynamics
Flow split
Fig. 10 shows the ﬂow rate of the two carotid branches, i.e., ICA
and ECA, that we compute by integrating the velocity at the corresponding outlet sections for the three cases under investigation. In
particular, Table 2 reports the ﬂow split among the two branches
of the CCA inﬂow; such a ﬂow split is essentially even for both
the healthy (52/48) and the post-operative cases (50/50), while it
is highly unbalanced (14/86) for the pre-operative case where the
stenosis occludes signiﬁcantly the ICA, forcing most of the ﬂow
through the ECA. While the computed ﬂow split of the healthy case
matches the mean ﬂow split obtained in the multi-scale model
adopted by Morbiducci et al. [6], i.e., 58/42, the pre-operative one
seems to be excessively uneven but this result can be justiﬁed by
the elevated stenosis degree, in fact, it is known that for a highly
severe stenosis the ﬂow is signiﬁcantly reduced [48].
Velocity ﬁeld
When analyzing the numerical results with respect to the ﬂow
velocity ﬁeld, we refer to the systolic peak, i.e., 0.2T, where T is
the cycle period. The volume rendering of the magnitude of the
computed velocity ﬁeld at the systolic peak for each case under
investigation is depicted in Fig. 11. From the qualitative point of
view, we can observe that for the healthy case, our results agree
with the ﬁndings of Marshall et al. [49], i.e., there is a low ﬂow
region near the outer wall of the bulb as most of the ICA ﬂow follows the inner wall. For the pre-operative case, we can observe in
Fig. 11 that the ICA jet detaches from the inner wall, crosses to
and impinges on the outer wall, detaching from the wall again distally. Such a crossing pattern of the jet generates two recirculation
zones on both sides of the jet, with the one adjacent to the inner
wall being larger than its outer counterpart. Such results are in accordance with those reported by Kefayati et al. [50] about highly
eccentric stenosis. While for the pre-operative case, where the stent
acts as a large mesh grid for the ECA, it is possible to observe an
overall reduction of the velocity magnitude along the vessel when
compared with two other cases; it is also more evident than in
the healthy case the low ﬂow region near the outer wall of the
bulb, because the mainstream follows a path closer to the inner
wall. From the quantitative point of view, the maximum computed
velocity magnitude in the vessel is 224 cm/s, 614 cm/s, and 85.5
cm/s, for the healthy, pre-operative, and post-operative cases, respectively. Such results fall within the velocity ranges reported in the
literature for both the pre-operative and the post-operative case; in
fact, Chachwan and colleagues [51] reported an average peak systolic velocity (PSV) 390 ± 110 cm/s (range, 216 to 691 cm/s) for
pre-operative stenotic carotid arteries, and PSV of 102 ± 41 cm/s
(range, 30 to 184 cm/s) after CAS. For the healthy case, our computed ICA velocity does not fall in the range reported for instance
by Blackshear et al. [52] or by Schöning et al. [53]. This mismatch
is somehow not surprising because our modeling is patient-speciﬁc
with respect to the vessel geometry but refers to literature for both
inlet and outlet boundary conditions, which determine the ﬁnal
numerical results [54]. In fact we are analyzing the carotid ﬂow by
a stand-alone 3D model, coupled with 0D equations accounting for
the peripheral circulation, but we acknowledge that carotid arteries are part of the cardiovascular system and its own hemodynamics is part of the complex cerebral circulation, where the role of
controlateral ﬂow in essential to compensate for local effects such
as the stenosis [55], which can be taken into account properly by
a multi-scale modeling as proposed by Balossino and colleagues
[56].
At the best of our knowledge, the present study is the ﬁrst one
addressing the CAS hemodynamics by CFD accounting for an accurate modeling of both stent geometry and patient-speciﬁc vessel

anatomy. In fact, although Schirmer and Malek [12] compare preand post-stenting hemodynamics, their study does not explicitly
reproduce the geometry of the stent struts; they in fact acknowledge that the limited resolution of imaging modalities currently
in use in clinical practice is not suﬃcient to resolve the details
of the stent geometry inside the vessel. For this reason, we propose the fusion of the patient-speciﬁc modeling of the lumen with
an accurate reconstruction of the stent design. Similarly, Kamenskiy and colleagues [47] simulated the stent by a local stiffening
of the carotid wall, mimicking the rigidity of the bifurcation post
intervention in the stented zone, while other approaches proposed
in the literature propose the post-operative scenario as the results
of structural simulation of stenting, which represents the input for
the generation of body-ﬁtted meshes [5,13,57].
4. Limitations
Although the generation of the geometrical domain of the CFD
analysis is based on patient-speciﬁc data, inlet and outlet boundary conditions are taken from the literature; such a limitation can
be overcome acquiring not only CTA before and after surgery but
also phase-contrast magnetic resonance imaging (PC-MRI), able to
quantitatively measure in-vivo ﬂow rates [49] according to appropriate protocol set-up.
Moreover, in the present work, the vessel wall is considered
rigid. Although such an approach is commonly adopted in the literature [58], a more accurate yet more costly model would include
the interaction of ﬂuid and structure [41,59]. However, to ensure
good accuracy of the FSI computations for the present application,
uncertainties in the solid model for the patient-speciﬁc vascular
wall, and, especially, the manner in which its material properties
are affected by the stenting procedure would need to be resolved.
5. Conclusions
With the present study, we propose a numerical approach able
to explicitly include the stent geometry for post-operative patientspeciﬁc hemodynamic analysis by CFD, avoiding the cumbersome
generation of body-ﬁtted stent meshes. In this manner, we are
able to compare different patient-speciﬁc scenarios, ranging from
a healthy carotid to a post-stenting conﬁguration after the treatment of a severe carotid stenosis. The results obtained represent a
promising basis for further studies addressing multi-patient analysis, as well as for the investigation of the hemodynamic impact of novel endovascular devices with complex grid designs
[60].
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