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Abstract: The aim of this study is to analyze the shape and
flow changes of a patient-specific carotid artery after
carotid artery stenting (CAS) performed using an open-cell
(stent-O) or a closed-cell (stent-C) stent design. First, a
stent reconstructed from micro-computed tomography
(microCT) is virtually implanted in a left carotid artery
reconstructed from CT angiography. Second, an objective
analysis of the stent-to-vessel apposition is used to quantify
the lumen cross-sectional area and the incomplete stent
apposition (ISA). Third, the carotid artery lumen is virtu-
ally perfused in order to quantify its resistance to flow and
its exposure to atherogenic or thrombogenic hemodynamic
conditions.After CAS, the minimum cross-sectional area of
the internal carotid artery (ICA) (external carotid artery
[ECA]) changes by +54% (-12%) with stent-O and +78%
(-17%) with stent-C; the resistance to flow of the ICA

(ECA) changes by -21% (+13%) with stent-O and -26%
(+18%) with stent-C. Both stent designs suffer from ISA
but the malapposed stent area is larger with stent-O than
stent-C (29.5 vs. 14.8 mm2). The untreated vessel is not
exposed to atherogenic flow conditions whereas an area of
67.6 mm2 (104.9) occurs with stent-O (stent-C). The area of
the stent surface exposed to thrombogenic risk is 5.42 mm2

(7.7) with stent-O (stent-C). The computer simulations of
stenting in a patient’s carotid artery reveal a trade-off
between cross-sectional size and flow resistance of the ICA
(enlarged and circularized) and the ECA (narrowed and
ovalized). Such a trade-off, together with malapposition,
atherogenic risk, and thrombogenic risk is stent-design
dependent. Key Words: Carotid artery stenting—
Stent—Open-cell design—Closed-cell design—Patient-
specific simulation Hemodynamics—Flow resistance.

Together with the (systemic) antiplatelet or antico-
agulant treatment of large artery atherosclerosis
manifestations, a (local) surgical intervention is often
required to treat a stenotic lesion and restore the
flow of oxygenated blood to the downstream tissues.
The choice for the (invasive) surgical intervention or
the (minimally invasive) endovascular intervention

strongly depends on the location of the disease. The
endovascular procedure, stenting in particular, is the
preferred treatment of cerebral artery stenoses and
aneurysms (1,2) due to a limited surgical access, and
coronary artery stenoses, only accessible via open-
chest surgery (3). In case of carotid artery stenosis,
carotid endarterectomy (i.e., the surgical inter-
vention) remains the standard treatment, despite
important risks of complications (e.g., surgical site
infection, peri-procedural bleeding, injury to various
nervous structures in the neck and jaw, injury to the
thyroidal blood vessels, acute rupture of the carotid
sutures and restenosis). A reason for the lower per-
formance is the lack of standardization of the carotid
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artery stenting (CAS) procedure, including clear indi-
cations for the choice of the appropriate device to
treat a particular lesion (4–9).

Dedicated modeling “tools” have been developed
to judge the suitability of a combination of a given
carotid artery lesion and a stent model. Patient-
specific prosthesis analysis applied to CAS has exten-
sively proven its potential to forecast the effect of
stenting (e.g., the shape of the stent and vessel after
stenting, the stresses in the arterial wall) using finite
element analysis (FEA) (10,11). In addition to the
structural simulation, computational fluid dynamics
(CFD) can then be applied to predict the blood flow
established after stenting (12).

In the present study, this complementary approach
is combined with a patient-specific (image-based)
vessel geometry in order to investigate the carotid
artery hemodynamics that would establish after
implanting two different stent models (an open- or
closed-cell design) in a carotid artery. As in most
clinical applications, where the atherosclerotic
lesions are located at the entrance of the internal
carotid artery (ICA), the external carotid artery
(ECA) is bridged, with the stent placed across the
bifurcation, between the common carotid artery
(CCA) and the ICA (13). The outcome of the virtual
CAS is evaluated using different parameters describ-
ing the (stented) vessel geometry (luminal cross-
sectional area and stent strut malapposition) and flow
(resistance to flow and near-wall hemodynamics).

METHODS

Image-based reconstruction and stenting
A computer model of the left carotid artery of an

83-year-old man was constructed based on Digital
Imaging and Communications in Medicine files of
computer tomography angioplasty images by using a
commercial segmentation software (Mimics, Materia-
lise, Leuven, Belgium). A mild stenosis correspond-
ing to 24% of area reduction was located in the ICA.
The arterial wall was not visible from the angio-
graphic images and was reconstructed by assigning a
wall thickness equal to 30% of the local radius in the
healthy regions, and by proximal to distal surface
interpolation in the stenotic region (thicker wall).

Two laser-cut, self-expanding stents, one with an
open-cell design (stent-O, resembling the ACCU-
LINK commercial model, Abbott, Santa Clara, CA,
USA) and the other with a closed-cell design
(stent-C, resembling the XACT commercial model,
Abbott), were virtually deployed in the left carotid
artery using the image-based FEA procedure
reported in (10), recently validated against an experi-

mental counterpart (11). The stent deployment simu-
lation reproducing CAS both with stent-O and
stent-C is summarized in the Supporting Information
Appendix S1. In this study, the (stented) vessel geom-
etry, resulting from the structural analysis, is taken as
starting point (Fig. 1).

Geometrical analysis

Local vessel radius and lumen patency
In the stented geometry, the CCA-ICA and CCA-

ECA centerlines were defined as centers of the
maximal inscribed spheres and computed using the
vascular modeling toolkit (VMTK), a collection of
libraries and tools for three-dimensional (3D) recon-
struction, geometric analysis, mesh generation, and
surface data analysis for image-based cardiovascular
hemodynamics modeling ([14], VMTK, http://www.
vmtk.com). In detail, the high-level user interaction
routine vmtkcenterlines was used to detect the cen-
terlines: by selecting one point on each inlet/outlet
boundary, the routine returns both the centerlines’
points and, for each point, the radius of the largest
inscribed sphere. This radius was taken as a continu-
ous descriptor of the local vessel size. Because this
approach is not particularly accurate in describing
the vessel patency in case of non-tubularity of the
lumen, an additional measurement was performed,
that is, the vessel surface was sliced and the cross-
sectional area was measured into the pyFormex envi-
ronment (http://www.pyformex.org). To standardize
the slicing operation in the three vessel geometries,
slicing planes were positioned at 30, 50, and 70% of
the CCA-ICA centerline and at 70, 80, and 90% of
the CCA-ECA centerline, using the VMTK, as shown
in Fig. 2 (left panel).

Stent-to-vessel apposition
The outer surface of the stent can potentially

contact the vessel wall and represents the potential
apposable area (PAA). However, when a stent is
deployed in a complex vessel domain, such as a bifur-
cation, incomplete stent apposition (ISA) necessarily
occurs because of the limited stent flexibility. From
the postimplantation geometry, the apposition of the
stent struts onto the vessel wall was quantified as the
local distance between the outer stent surface and
the vessel endothelium, as recently proposed by
Mortier et al. (16). Using a fifth of the strut thickness
(0.048 mm) as a threshold value of the stent-to-vessel
distance to discriminate between apposition and mal-
apposition, the ratio of malapposed area to PAA was
computed to define the percentage of malapposed
area (PMA).
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Hemodynamic analysis

Computer model specifications
The impact that an implanted stent has on

streaming blood can be evaluated using CFD. A
critical task required to set up a CFD analysis is the
generation of a computational mesh. pyFormex, an
open source program for generating, transforming,
and manipulating large geometrical models of 3D
structures by sequences of mathematical operations,
has been chosen to perform this task. In the
no-treatment case, the fluid domain corresponded to
the model of the arterial bifurcation generated
from the medical images via segmentation. Using a
dedicated plug-in (i.e., the Bifmesh), this domain
was discretized with a conformal multi-block
structured grid of 0.22 million hexahedral cells.
A detailed description and a demonstration of the
Bifmesh plug-in potency are reported in (17) and
in the Bifmesh tutorial, http://www.youtube.com/

watch?v=T1pVFCzrmGI. In the treated cases, the
fluid domain corresponded to the vessel lumen
volume minus the stent volume, resulting from the
FEA of the CAS. In practice, the volume defined by
vessel and stent surfaces could not be used for mesh
generation because of the presence of spurious fea-
tures, such as small gaps. While large gaps are asso-
ciated with stent-to-vessel malappositions, small
gaps are artifacts of the FEA: the chosen contact
algorithm used by the finite element solver leads to
the generation of a contact pressure when the con-
tacting surfaces are at a non-zero distance. There-
fore, the volume has to be “repaired” before
generating the mesh in the fluid domain using a trig-
gering operation to eliminate the small gaps (a
detailed description of the triggering algorithm is
reported in [18]). An unstructured mesh of 2.8 and
2.5 million tetrahedrons was generated in the fluid
domains of treatment-O and treatment-C models,
respectively.

FIG. 1. Stented vessel shape from the in
silico replica of CAS. In the circumferential
direction the open-cell design (panel A,
stent-O) has three large cells (cell area
12.7 mm2 on average, max 17.7 mm2;
one cell is shown in red), whereas the
closed-cell design (panel B, stent-C) has
18 small cells (cell area 3.2 mm2 on
average, max 4.5 mm2). In panel C, the
lumen and wall of the carotid artery recon-
structed from CT is shown (no treatment),
and a stenosis is indicated on the outer
edge of the ICA. In panels A and B, the
stented vessel silhouette is superimposed
on the pre-stented vessel to show the
enlargement of the ICA cross sections (in
the circle in panel B) and the narrowing of
the proximal ECA ostium (in the circle
in panel A) consequent to the stent
deployment (The color version of this
figure is available online).
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The CFD simulations were performed using the
finite volume general purpose commercial software
Fluent (Ansys, Canonsburg, PA, USA), setting the
SIMPLE scheme, second order upwind and least
square cell-based discretization for the momentum
and the pressure equation, respectively. A no-slip
condition was applied to the boundary wall and
blood was treated as Newtonian fluid (density
1050 kg/m3 and viscosity 0.0035 Pa·s). A mesh sensi-
tivity analysis was performed in steady state condi-
tions by applying (i) an inlet flow rate of 6 mL/s (19)
and (ii) a zero pressure condition at outlet sections
both on the no-treatment case and treatment-O case.
A mesh resolution was considered to be adequate if
after doubling the number of cells the area-averaged
wall shear stress (WSS) changed by less than 5%.

Resistance to flow of the stented and non-stented
carotid bifurcation

As blood flows through arteries, mean blood pres-
sure gradually drops because of the energy losses due
to viscous dissipation.The vessel geometry may influ-
ence the pressure drop. For example, the presence of

a stenosis represents an additional resistance to the
blood flow and a further source of dissipation if tur-
bulence is turned on. While it is straightforward to
define and compute the hydraulic resistance in a one-
inlet and one-outlet vessel, it is not trivial to charac-
terize the resistance of a bifurcation, as the total
pressure is generally not equal at both outlets and
depends on the distal vascular beds. Therefore, we
have isolated the carotid artery bifurcation and ana-
lyzed the resistance using three sets of boundary con-
ditions. First, a steady state flow rate (6 mL/s as from
[19]) was applied at the CCA inlet and zero total
pressure at the outlets (bifurcation resistance).
Second, the ECA outlet was closed, forcing the blood
entering the CCA to exit from the ICA. Third, the
ICA outlet was closed, forcing the blood entering the
CCA to exit from the ECA. It is worth noticing that
a zero total pressure could not be directly applied as
a boundary condition at the outlets but it needed to
be set by iteratively adapting the static pressure
during the simulation. The resistance was calculated
by dividing the CCA pressure (area-averaged pres-
sure on the most proximal cross section of the CCA)

FIG. 2. Lumen patency. (Left) The CCA-ICA centerline (left) and the CCA-ECA centerline (right) are shown together with the largest
inscribed spheres at 30, 50, and 70% of the CCA-ICA centerline and at 70, 80, and 90% of the CCA-ECA centerline. (Right) The bottom-left
diagram displays the local maximal sphere radius (i.e., half of the minimum projection diameter used in clinical evaluation [15]) along the
CCA-ICA centerline (the x-axis represents the curved centerline’s length) in three possible scenarios (no treatment, treatment-O, and
treatment-C). Halfway (around 50% of the centerline), a stenosis is visible in the no-treatment configuration (the current status of the
patient), but it disappears completely with treatment-C. The top-left diagram shows the cross sections of the vessel at 30, 50, and 70% of
CCA-ICA centerline, with the stent struts in blue along the cross-sectional boundary. The area of the cross section is reported together with
the total stent strut area within parentheses. A similar analysis is reported for the ECA (top-right and bottom-right). The cross sections are
represented with a length scale of 10 mm represented by the arrow (The color version of this figure is available online).
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by the CCA flow. Using these setups, the flow resis-
tance was calculated (i) on the entire bifurcation; (ii)
on the CCA-ICA path; and (iii) on the CCA-ECA
path (the setups are shown in Fig. 3), using the fol-
lowing equations:

R
P
Q

bifurcation
CCA

CCA

= (1)

R
P
Q

CCA ICA
CCA

CCA
- when ECA is closed= (2)

R
P
Q

CCA-ECA
CCA

CCA

= when ICA is closed (3)

where R is the resistance, P is the pressure, and Q is
the flow.

Hemodynamic impact of physiologic pulsatile flow
conditions on the endothelium and stent surfaces

To model a physiological 3D flow in the three cases
under investigation (no treatment, treatment-O, and
treatment-C), a pressure waveform, representative of
the upstream flow, was applied to the CCA inlet, and
two impedance spectra, representative of the down-

stream vasculature, were applied to the ICA and
ECA outlets. In order to combine the impedance
spectra with the black-box solver, boundary condi-
tion equations (describing the impedance spectra)
and the Jacobian equation (describing the link
between pressure changes at the boundaries and flow
changes at the outlets) were solved at the beginning
of each time-step using an iterative procedure. The
method is described in detail by De Santis et al. (18).
After a time step sensitivity analysis, a 10 ms time
step was chosen and, to ensure the periodicity of the
results, four cardiac cycles of 55 bpm were simulated.
The number of iterations in each time step was
limited by the solver in order to reduce the residuals
of the velocity and continuity equations below 10-7

and 10-6, respectively. WSS vectors on both the vessel
and stent surfaces were recorded online during the
last simulated cardiac cycle and written into text files.
This approach dramatically reduces the size of the
output of the analysis and allows for fast off-line
post-processing using a laptop. The text files of the
time-dependent WSS vectors were then loaded in
pyFormex to visualize the variation of the WSS mag-
nitude over time and to calculate two time-average
WSS descriptors, the time-average wall shear stress

FIG. 3. Resistance to flow. The carotid
artery model with the inlet flow extension
for the application of a 6 mL/s steady state
flow (19) and three sets of boundary con-
ditions used to investigate the resistance
to flow through the isolated bifurcation,
along the CCA-ICA path and along the
CCA-ECA path.
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(TAWSS, Eq. 4), and the relative residence time
(RRT, Eq. 5):

TAWSS
T

s t dt
T

= ( ) ⋅∫1

0

WSS , (4)

RRT
T

s t dt
T=

( )⋅∫ WSS ,
0

(5)

where T is the overall interval of the cardiac cycle, t is
the time of the last cardiac cycle, s is the position of a
node on the vessel wall or stent surface, and WSS is
the wall shear stress vector.

The distribution over the luminal surface of the
WSS-based descriptor RRT was used to identify
atheroprotective/susceptible regions on the vessel
wall, which are related to the occurrence of abnormal
flow. In detail, low RRT values, representing
sustained and well-oriented shear forces, identify
luminal regions where an atheroprotective endothe-
lium phenotype is stimulated. On the contrary, high
RRT values, representing low intensity and oscillat-
ing shear forces, identify regions where a proathero-
genic endothelial phenotype is stimulated.This is due
to the fact that high RRT values are representative of
the action of fluid forces that induce perturbed
endothelial alignment and increase the intima-media
thickness (20–23). As such, RRT was taken as an
index to quantify the local atherogenic risk. Similarly,
the distribution over the stent strut surface of the
WSS-based descriptor TAWSS was used to detect
thrombogenic flow conditions (20).

RESULTS

Stent cell dimensions
The stent design and the size of the stent cells have

an impact on the final shape of the vessel, including
patency and curvature. Large stent cells correspond
to a weak structure (low radial strength and high
flexibility), while small cells correspond to a stiff
structure. In the deformed configuration, stent-O has
cells of 9.1 mm2 on average (max 17.6 mm2), whereas
stent-C has cells of 2.7 mm2 on average (max
3.5 mm2).

Local vessel radius and lumen patency
After CAS, the cross sections of the ICA are

enlarged and deformed into a nearly circular shape.
In the proximity of the stenosis (~50% of the CCA-
ICA centerline), the lumen gain (increase of cross-
sectional area) of the ICA was 54% with stent-O and

78% with stent-C. While the stent deploys in the
CCA-ICA lumen, the carina is pushed away by the
stent (toward the ECA) and the entire bifurcation is
stretched, with the final effect of locally narrowing
and ovalizing the ECA. As a result, the lumen loss
(decrease of cross-sectional area) of the ECA in the
vicinity of the bifurcation (~70% of the CCA-ECA
centerline) is 12% with stent-O and 17% with
stent-C. This geometrical trade-off (ICA lumen gain
and ECA lumen loss) occurs with both stents but is
accentuated with stent-C (the stiffer stent). The
vessel radius along the centerlines and the cross-
sectional lumen area at specific locations are
reported in Fig. 2 (right). Notice that the vessel radius
provides a continuous measure of the cross-sectional
vessel size along the centerlines, but underestimates
the lumen cross-sectional area where the vessel is
non-tubular (not circular cross sections) (Fig. 2).

Stent-to-vessel apposition
Stent-O and stent-C have PAA of 83.51 and

112.26 mm2, respectively. After deployment,
treatment-O yielded 35.3% PMA (29.5 mm2), while
treatment-C yielded 13.2% PMA (14.8 mm2). This
means that stent-C is better apposed than stent-O to
the vessel wall of the investigated carotid artery. A
cut view examination shows that a number of struts
of both stents remain floating in the proximal ECA
ostium: 3 stent cells in case of stent-O and 10 cells in
case of stent-C (Fig. 4).

Resistance to flow
After CAS, both the CCA-ICA and CCA-ECA

resistances change, as shown by virtually perfusing
the isolated branches: (i) the CCA-ICA resistance to
flow decreases by 21% with stent-O and 26% with
stent-C, whereas (ii) the CCA-ECA resistance to
flow increases by 13% with stent-O and 18% with
stent-C. This resistance trade-off occurs with both
stents but is accentuated with stent-C (the stiffer
stent). When both outlets are open a similar value of
resistance is found in the three cases (difference
<3%) (Table 1).

Hemodynamic effects on the endothelium
The highest values of the RRT in the unstented

vessel bifurcation occur on the outer edges of the
daughter branches, spotting typical atheroprone loca-
tions (20). In the stented vessel, the RRT peaks
around the stress struts, especially at the strut inter-
connections, and under the malapposed struts. In the
latter case, the “valley” distal to the ICA stenosis is
not fully straightened by either of the stent models:
the residual concave profile and the gap between the

G. DE SANTIS ET AL.6
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vessel and the stent contribute to shield the endothe-
lium from the bulk flow, resulting in an extended
atheroprone region (Fig. 5). The history of the endot-
helium shear forces during one cardiac cycle is shown
in a movie (Supporting information Appendix S2).
Using a threshold of 6 Pa-1 to discriminate between
atheroprone and atherogenic hemodynamics (24),
no zone at atherogenic risk is found in the no-
treatment case, whereas endothelium surfaces of
67.6 and 104.9 mm2 are found with treatment-O and
treatment-C, respectively. Such ranking is confirmed
by the box-plots of distribution of the RRT over the
area (Fig. 6).

Hemodynamic effects on the stent
When incomplete strut apposition occurs, malap-

posed stent struts float in the lumen and represent an

FIG. 4. Stent-to-vessel apposition in case of treatment-O (top)
and treatment-C (bottom). The outer stent surface (PAA) is
colored based on the local distance from the vessel wall (the stent
is blue where it is in contact with the vessel and red where it is at
a distance of at least 0.25 mm from the vessel). Malapposed stent
struts originate gaps between the vessel and the stent that occur
at equivalent locations in both stents: the “valley” distal to the ICA
stenosis and the ostium of the ECA. ISA is also visible on the
proximal ending of stent-C, because of vessel size mismatch
between CCA and ICA. In the two small windows, a cut view of the
ECA lumen reveals the floating struts that disturb the flow entering
the ECA (The color version of this figure is available online).

TABLE 1. The value of the resistance against the blood flowing through
the isolated bifurcation, from CCA to ICA and from CCA to ECA. Within

parentheses, the variation of the resistance in the treated vessel with respect to
the untreated vessel

Resistance (10-3 mm Hg/mL/min)

Bifurcation CCA-ICA CCA-ECA

No treatment 1.66 4.92 6.5
Treatment-O 1.61 (-3%) 3.89 (-21%) 7.33 (+13%)
Treatment-C 1.66 (0%) 3.64 (-26%) 7.67 (+18%)

FIG. 5. Map of relative residence time (RRT). RRT on the carotid
endothelium as hemodynamic marker of the atherogenic risk
(RRT > 6 Pa-1 (24)) and time-averaged wall shear stress
(TAWSS) on the stent surface as hemodynamic marker of the
thrombogenic risk (TAWSS > 10 Pa (20)). In the three left panels,
blue and red correspond to low and high RRT on the endothelial
surface (low and high atherogenic risk). In the two right panels,
blue and red correspond to stent surface exposed to low and high
TAWSS (low and high thrombogenic risk). If stent struts endot-
helialize (36), high shear forces occurring on the struts floating in
the ECA ostium may promote the formation of a thrombus (20)
and later cause the detachment of an embolus (The color version
of this figure is available online).
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obstacle to the flow. Taking the TAWSS as an indica-
tor of the impact of the strut on the flow field, the
struts occupying the ECA ostium appear the most
critical, as shown by the plot of the TAWSS (Fig. 5).
Using the two thresholds suggested by Malek et al. (7
and 10 Pa for moderate and high shear thrombosis
[20]), the area of the stent surface at moderate (high)
thrombogenic risk are 14.05 mm2 (5.42 mm2) for
stent-O and 17.87 mm2 (7.7 mm2) for stent-C. A peak
of TAWSS of 27.7 Pa (instantaneous WSS 64.3 Pa)
was reached with treatment-O, and a peak of TAWSS
of 25.2 Pa (instantaneous WSS 61.9 Pa) was reached
with treatment-C.

DISCUSSION

This study explores patient-specific, in silico CAS
from a geometrical and a hemodynamic perspective.
Three possible scenarios were considered: no treat-
ment, treatment with an open-cell design stent, and
treatment with a closed-cell design stent.

In the considered CAS intervention, while the ICA
enlarges under the radial forces exerted by the stent
the ECA narrows, and this is true for both designs. In
the central region of the bifurcation the ICA deforms
with large and nearly circular luminal cross sections,
whereas the ECA deforms with smaller and highly
ovalized cross sections. The stent (i) directly pushes
the carina inside the ECA ostium and (ii) indirectly
pulls the outer edge of the ECA toward the carina
because of the stretching of the bifurcation region in
the circumferential direction. The higher ICA lumen
gain obtained with treatment-C (the stiffer stent

design) corresponds to the higher ECA lumen loss,
suggesting a geometrical trade-off.

Incomplete strut apposition occurs with both stent
models but the area of the malapposed stent struts is
higher with treatment-O. This result may appear
counterintuitive if one associates higher stent flexibil-
ity to better stent-to-vessel apposition. However, the
flexibility of a stent refers to the capability of a stent
to conform to the vessel’s original curvature (in the
length scale of a stent) and does not necessarily re-
present the capability of locally apposing to the vessel
wall (apposition occurs at a length scale of a strut).
Moreover, stent-C distends the vessel (especially
circumferentially) to a higher extent than stent-O
because of a higher radial stiffness. In the proximal
ECA ostium, where floating struts represent an
obstacle to the access of blood to the ECA, the
amount of floating stent struts is higher with
treatment-C, as shown in Fig. 4, despite the smaller
cross section of the ECA, because of the higher strut
density. With both stents, a large region with ISA is
located immediately distally to the stenosis. Incom-
plete strut apposition is difficult to detect in vivo
with current technology, including optical computer
tomography, but can be straightforwardly assessed
using computational simulations, as recently demon-
strated by Mortier et al. (16). In a clinical study on 107
CAS procedures, ISA has been reported in 11% of
the arteries by intravascular ultrasound, and persisted
after further balloon-dilatation (25), suggesting that
ISA often occurs in CAS but is not often detected.

A steady state analysis of the bifurcation resis-
tance, including the entire bifurcation or one branch
only, predicts that the stent implantation reduces the
CCA-ICA resistance, but increases the CCA-ECA
resistance. Between the two stent models, the stent-C
has the higher reduction of the ICA resistance but
also the higher increase of the ECA resistance. These
opposite effects are confirmed by the resistance of
the isolated bifurcation, which shows very limited
differences in the three cases (max 3%).

In the ICA, the variation of the resistance to flow
(when the ECA is closed) matches the variation of
the luminal cross-sectional area, which in turn
matches the (expected) mechanical effectiveness of
the treatment options: (i) no-treatment, smallest
luminal cross-sectional area, highest resistance; (ii)
weaker stent, medium luminal cross-sectional area,
medium resistance (treatment-O); and (iii) stiffer
stent, largest luminal cross-sectional area, lowest
resistance (treatment-C). Such a correspondence
holds also in the ECA, but with a reversed ranking
of the effectiveness of the treatment options: (i)
no-treatment, largest luminal cross-sectional area,

FIG. 6. Box plots of the endothelial atherogenic risk. The RRT
(atherogenic risk) is the lowest in the no-treatment case and the
highest with treatment-C. The whiskers represent the 5th and
95th percentiles, and the star represents the area-averaged
mean. Red line: median value (The color version of this figure is
available online).
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lowest resistance; (ii) weaker stent, medium luminal
cross-sectional area, medium resistance (treatment-
O); and (iii) stiffer stent, smallest luminal cross-
sectional area, highest resistance (treatment-C).

A four-dimensional simulation of the carotid
hemodynamics (i.e., including the temporal variation
of a 3D hemodynamics) describes a realistic scenario
occurring before and after CAS. The carotid endot-
helium in the no-treatment case is subjected to shear
forces that are generally high and have a local pref-
erential direction during the cardiac cycle. The analy-
sis of the RRT shows that there are no regions
exposed to critical shear forces (RRT > 6 Pa-1). Con-
versely, when a stent is implanted, atherogenic shear
forces are found to act on specific regions of the
endothelium. Particles, or cells, remain sometimes
over several cycles in recirculation zones with low
WSS (high RRT) and may stick more easily to the
wall and to existing stenoses because substrate
exchange, thrombocyte activity, and endothelial
surface structure are pathologically altered (26–31).
These areas are predisposed to atherosclerotic lesion
development and occupy similar locations with both
stent models, for example, the endothelium in the
vicinity of ISA and strut interconnections. A larger
risk area is found in case of treatment-C as compared
with treatment-O. This can be ascribed to the higher
number of struts and the smaller cell size of the
closed-cell design stent and matches with the obser-
vation of Greil et al. (32) who, based on the analysis
of a silicon carotid artery model using Laser Doppler
Anemometry, reported that larger cell stents may
lower the flow disturbance in the bifurcation. Besides
the primary role played by the stent cell size, vessel
straightening may also contribute. The analysis of
Auricchio et al. shows that the tortuosity is reduced
with stent-O (1.4%) as compared to the no treatment
(2.9%) and is further reduced with stent-C (1.3%)
(10). The difference between the two stents depends
on the lower flexibility, but also lower adaptability
and conformability of stent-C as compared to
stent-O. A straightened vessel loses 3D geometrical
features such as bending and twisting and, conse-
quently, reduces 3D fluid dynamics features such as
helical flow in the bulk, which is supposed to improve
the arterial hemodynamics (33,34). As an extreme
case, vessel straightening may be responsible for
stenosis formation distal to the stent after the proce-
dure (32).

The malapposed stent struts floating in the lumen
represent an obstacle to the flow, and the higher the
distance from the vessel wall the more the vicinity to
the centerline, where the highest velocity is expected.
As a result, the larger the gap due to ISA, the more

dramatic is the impact on the hemodynamics (the
struts slow down the blood in the surrounding
volume). From our analyses, blood flow around those
struts can be subjected to time-average shear forces
above 25 Pa, with instantaneous peaks above 60 Pa,
exposing the cell membranes of thrombocytes to
enormous stresses (35). Additionally, floating stent
struts, including the struts in the proximal ECA
ostium, can potentially be endothelialized, as sug-
gested by Tanigawa et al. (36). If this happens, the
high shear forces are likely to stimulate a thrombo-
genic phenotype of the endothelial cells covering
malapposed struts. Then, after the thrombus forma-
tion, the high shear forces may detach some frag-
ments of the thrombus (emboli), which may fly either
in the ECA or in the ICA depending on the velocity
patterns of the blood stream at the time of the
detachment, with the risk of stroke.

The modeling strategy presented in this study
relies on a number of assumptions that simplify the
model construction and may limit the validity of the
computational results:

• the vessel wall material properties and the wall
thickness were based on average population data.
In a clinical application, ultrasound imaging can be
used to tailor material properties and thickness to
the patient’s carotid artery;

• the stenosis chosen in this study was mild and did
not require clinical treatment. Moreover, it did not
include hard calcified plaques;

• the prestress of the vessel was not included in the
FEA simulation. It is important to realize that the
lack of prestress may result in (i) a softer-than-
physiologic behavior and (ii) a reduced contact
(contact force and contact area) between stent and
vessel (37). With respect to the malapposition, the
prestress of the vessel wall and the presence of
hard calcified plaques may lead to a different con-
clusion when comparing open- and closed-cell
stent designs;

• the analysis was performed on a single image-
based model of carotid bifurcation. For this reason,
the findings of this study could not be directly
transferred to other single cases. On the contrary,
the numerical setup can be easily applied to
analyze different patient/stent specific cases;

• the imposition of boundary conditions for the pul-
satile flow was based on average population data
and not extrapolated from patient data. In a clini-
cal setting, a simultaneous acquisition of pressure
and flow would allow to extrapolate patient-
specific boundary conditions and, potentially, the
impedance of the distal vascular bed;
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• the vessel wall motion due to blood flow was
neglected. A more complex fluid-structure interac-
tion analysis could be performed to assess the
impact of this assumption;

• the mesh generation required to convert a FEA
mesh into a CFD mesh required extensive opera-
tor intervention. For larger studies (more stents
and more patients) more automated methodology
are advisable, such as the Octree-algorithm (38).

CONCLUSION

This study describes the application of technologi-
cally advanced patient-specific computer simulations.
While the method is far from being a preoperative
planning tool, it can be used to better understand the
interaction between a stent model and a specific
carotid artery. A trade-off between common carotid
artery-internal carotid artery opening and external
carotid artery narrowing has been highlighted but
clinical cases are needed to check whether it has an
impact on the long-term outcome of coronary artery
stenting.
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Appendix S1. Image-based finite element analysis of
CAS.

Appendix S2. Animation of the wall shear stress
on the carotid artery endothelium during a cardiac
cycle.
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