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Abstract.
The relevance of stenting procedures in the treatment of carotid artery disease cannot be under-
estimated. Successful carotid stenting does not only depend on the operator skills, but also on
proper choices among the different stent designs available in the market. Consequently, it is
reasonable to suppose that an optimal stent design can be obtained as a trade-off of different
features as scaffolding, flexibility, and vessel adaptability. In particular, scaffolding, defined as
the amount of support given to the vessel wall by the stent, has a leading role in the minimiza-
tion of the embolic risk. Vessel scaffolding is usually measured as the cell area of the stent in
free-expanded configuration. This approach neglects the actual stent configuration within the
vascular anatomy; accordingly, in the present study we propose a novel methodology to evalu-
ate the vessel scaffolding applied to a given stent design deployed in a realistic carotid artery
model through patient-specific finite element analysis. The results suggest that post-stenting
cell area varies along the stent length as a function of the vessel tapering, confirming that
the conclusions withdrawn from the free-expanded configuration should be carefully handled,
since they do not take into account post-implant variations. Moreover, such variability seems
to be more pronounced in open-cell designs, especially at the bifurcation segment. Our study
confirms the capability of dedicated computer-based simulations to provide useful information
about complex stent features, which are essential for novel stent designs or for pre-surgical
planning.
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1 INTRODUCTION

Cardiovascular diseases are nowadays the leading cause of death in the Western countries.
These pathologies are often related to atherosclerosis, a degeneration of the vessel wall causing
a number of events, ranging from arterial hardening to lumen narrowing (stenosis), potentially
resulting in heart attack or stroke. In particular, atherosclerotic stenosis of the carotid artery
causes 20% of all ischemic strokes and transient ischemic attacks [1]. Several treatment options
are nowadays available for managing carotid artery stenosis but, thanks also to the encouraging
outcomes achieved for coronary stenosis treatment, the application of percutaneous minimally-
invasive techniques, such as stenting, is rapidly arising. Carotid artery stenting (CAS) is a pro-
cedure which restores the vessel patency by enlarging the narrowed lumen by the expansion of
a metallic mesh (the stent), which is driven to the target lesion through a catheter, running inside
an endoluminal path accessed by groin incision (see fig.1). Starting from this basic description,
it is clear that the procedure outcomes strongly depend on the operator skills and experience,
but also on an adequate selection between the different stent designs. In fact, a wide spectrum
of carotid devices is currently on the market and since all have their assets and downsides, the
optimal device is necessarily the result of a trade-off between several biomechanical features
[2]. Among others, the vessel scaffolding, i.e., the stent capability to support the vessel wall
after stenting, represents a crucial issue. The evaluation of the free cell area is the common way
to describe the scaffolding potential of carotid stents [3] and the relation between this feature
and procedure outcomes is still matter of an intense clinical debate [4, 5], recently extensively
discussed and reviewed by Hart et al. [6].
The evaluation of vessel scaffolding is not easily standardized or measured and there is a general
lack of studies on this topic. Although a free cell area measure is appropriate to compare differ-
ent designs, it is challenging to be obtained in vivo, and therefore does not take into account the
actual configuration of a stent implanted in a tortuous carotid bifurcation. This limitation can
be overcome exploiting realistic computer simulations of CAS [7].
Within this framework, the present study aims to proposing a novel methodology, based on
patient-specific finite element analysis, for vessel scaffolding evaluation.

Figure 1: Carotid angioplasty and stenting procedure steps. Adapted from [8]
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2 MATERIALS AND METHODS

In this section, we start from our previous study [7], addressing the validation of CAS sim-
ulation with respect to a real stent deployed in a patient-specific silicon mock artery. We then
combine the methodologies proposed in that paper with a procedure to assess the cell area in
order to accomplish the goal of the present study.

2.1 Vessel model

The patient-specific vessel model considered in this study reflects the geometry of a silicon
mock artery, derived from DICOM images of a neck-head Computed Tomography Angiography
performed on an 83 year-old male patient at IRCCS San Matteo in Pavia, Italy (see fig.2-a). The
common carotid artery (CCA) has a mean diameter of 7 mm while the internal carotid artery
(ICA) has a mean diameter of 5.2 mm; a mild stenosis (24% based on NASCET method) is
present slightly above the bifurcation. Given the variable wall thickness of the silicon model,
the related finite element model is derived by an high-resolution micro-CT scan of the sole mock
artery, segmented by Mimics v.13 (Materialise, Leuven, Belgium). For the sake of simplicity,
only a portion with a length of 42 mm, meshed by 73322 10-node modified tetrahedron with
hourglass control - C3D10M - elements and 134092 nodes, of the whole model (see figure 2-
d) is considered for the simulation performed by Abaqus/Explicit v. 6.10 (Dassault Systémes,
Providence, RI, USA), as discussed in subsection 2.3.
The mechanical response of silicon is reproduced assuming an hyperelastic material model,
defined by a second order polynomial strain energy potential U defined as:

U =
2∑

i+j=1

Cij(Ī1 − 3)i(Ī2 − 3)j +
2∑

i=1

1

Di

(Jel − 1)2i (1)

where Cij and Di are material parameters; Ī1 and Ī2 are respectively the first and second de-
viatoric strain invariants. The material model calibration is performed on the stress-strain data
derived from a tensile test on a silicon sample and results in the following non-null coefficients:
C10 = −2.40301 MPa; C01 = 3.02354 MPa; C20 = 0.456287 MPa; C11 = −1.72892 MPa;
C02 = 2.73598 MPa.

Figure 2: Elaboration of Computed Tomography Angiography images: 3D reconstruction of neck-head district
(a); surface of the CA lumen used to create the silicon artery (b); radiography of the silicon artery highlighting the
non-uniform wall thickness (c); tetrahedral mesh adopted in the simulations (d).
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2.2 Stent finite element model

The considered self-expanding Nitinol carotid stent designs resembles a commercially avail-
able device used in the clinical practice (CRISTALLO IDEALE - Invatec, Roncadelle, Italy).
This design has the peculiar feature of presenting an open-cell structure in peripheral district
and closed cell structure in bifurcation district. In order to validate our approach, we firstly
developed the 7-10X30mm1 model, whose free-expansion results were compared with those
coming from experimental data [3] (see section 3), while for the deployment simulation we
used a straight configuration with a diameter of 9 mm. Since no data are available from the
manufacturer, the main geometrical features of such devices are derived from high-resolution
micro-CT scans of the stent in the delivery system (see figure 3-a).
As discussed in previous studies [7, 9], the stent model to be embedded in CAS simulation is
generated through the following steps:

• planar stent description: a planar CAD geometry (see figure 3-b), corresponding to the
unfolding of stent crimped in the delivery catheter, is generated by Rhinoceros v. 4.0 SR8
(McNeel and Associated, Seattle, WA, USA) and subsequently imported to Abaqus/CAE
v. 6.10 (Dassault Systémes, Providence, RI, USA) . In order to optimize the meshing
procedure, the main structures of the device have been meshed separately within Abaqus
and subsequently assembled;

• rolling procedure: through appropriate geometrical transformations performed by a
Matlab script (The Mathworks Inc., Natick, MA, USA), the planar mesh is rolled lead-
ing to the final crimped stent (i.e., laser-cut configuration) as depicted in figure 3-c. In
this step the crimped model is compared with the micro-CT scan in order to qualitatively
evaluate the agreement between the model and the real device;

• free-expansion procedure: simulating the shape-setting process through a finite element
analysis (solver: Abaqus/Explicit v. 6.10 - Dassault Systémes, Providence, RI, USA), the
crimped configuration is transformed into the free-expanded configuration (see figure 3-
d).

The mesh details about the considered stent finite element model is reported in table 1, while
the free-expanded configuration obtained by the expansion procedure is reported in figure 4,
highlighting the considered cells for area measurement.

Table 1: Overview of analyzed stent.

Reference stent CRISTALLO IDEALE
N◦ cells

Proximal1 5
Proximal2 5

Bifurcation1 15
Bifurcation2 15

Distal1 5
Distal2 5

N. Elements 30000
N. Nodes 65010

1distal-proximal diameter X length
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Figure 3: Stent mesh generation: detail of a high resolution micro-CT performed on a real stent within the delivery
system (a); planar CAD geometry resembling the stent design pattern (b); stent mesh in crimped configuration (c);
stent mesh in free-expanded configuration (d).

Figure 4: Considered stent design in free-expanded configuration. The cells considered for area computation are
depicted in yellow.
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2.3 Stent deployment simulation

To investigate the interaction between the stent and the patient-specific carotid artery model,
we perform a two-step simulation procedure [7, 9, 10]. In the first step the diameter of the
stent is decreased simulating the loading phase of the stent into the delivery system. This target
is achieved using a catheter modeling the delivery sheat. The catheter is modeled as a rigid
body defined by a surface obtained by sweeping a cylindrical section along the centerline of
the vessel; we mesh it with 3476 three-dimensional, 4-node surface elements with reduced
integration (SFM3D4R). Subsequently, the stent inside the delivery sheath is placed into the
target lesion where the retractable sheath is removed allowing the stent/vessel interaction and
thus mimicking stent placement. We use the pre-stenting vessel centerline for stent positioning
and the stent deformation is imposed by a profile change of the retractable sheath, through
appropriate displacement boundary conditions on its nodes. These boundary conditions are
determined as the difference between the starting and final catheter shape. The simulation,
performed using Abaqus/Explicit v. 6.10 as finite element solver, is characterised by non-
linearity due to the material properties, large deformations, and complex contact problems.
We use a mass scaling strategy to increase the minimum stable time increment, reducing the
computational cost but, at the same time, we monitor the kinetic energy of all components
during the simulation, since we consider the stent deployment as a quasi-static phenomenon
where inertial forces are negligible. The general Abaqus contact algorithm is used to handle
the interactions between all model components; in particular, a frictionless contact between the
stent and the delivery sheath with a friction coefficient of 0.2 between the stent and the vessel
inner surface.
The superelastic behavior of Nitinol is modeled using the Abaqus user material subroutine [11]
and the related constitutive parameters are obtained from the literature [12].

Figure 5: Considered stent design deployed in the patient-specific CA model. The cells considered for area com-
putation are depicted in yellow.
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2.4 Measuring the stent cell area

We measure the cell area of a 3D surface having the cell contour as a boundary. To create
such a surface it is necessary to: i) identify the cell boundary nodes; ii) sort these nodes in an
appropriate manner to define a spline; iii) use the spline to create the target surface. To speed
up such a process, we integrate Matlab and Rhinoceros in a workflow defined by the following
steps:

1. Node set identification of each cell boundary from the planar mesh : since the node label
does not change along the geometrical transformation described in section 2.2, we move
from the planar mesh to clearly identify cell boundary nodes and to easily associate the
related nodal labels (see figure 6-a,b).

2. Delaunay triangulation of each node set : we use the Delaunay triangulation Matlab sub-
routine (see figure 6-c) to detect the outer edges and the related nodes, using thus the edge
connectivity to drive the nodal sorting. The procedure is improved by the introduction of
user-defined dummy nodes in order to have less distorted triangle elements inside the cell,
improving the efficiency of the next step.

3. Detection of outer edges and node sorting: as depicted in figure 6-c, the mesh obtained
in the previous step does not match the cell boundaries. To overcome such a problem we
exploit the approach proposed by Cremonesi et al. [13], taking advantage of a distortion
criterion to remove the unwanted triangles. In particular, for each triangle of the mesh,
the shape factor is defined as αe =

Re

h
≥ 1√

3
, where Re is the radius of the circumcircle

of the e-th triangle and h the minimal distance between two nodes in the element. This
factor represents an index for element distortion and can be used, after the setting of
a proper threshold, to remove the unwanted triangles without any modification of the
original Delaunay triangulation. For this work, in order to create an algorithm able to
change its requirement with the different cell configurations, we set the shape threshold
to 1.5 αe, where αe is the αe average. After the removal of undesired triangles (see figure
6-d), the algorithm identifies the cell borders and sorts the nodal labels in order to make
them suitable for the next step (see figure 6-e). At this stage the nodal labels can be
associated with the deformed nodal coordinates in order to obtain the deformed cell.

4. Creation of a 3D surface for each cell and area measuring: through a Rhinoscript code,
we firstly define a 3rd order polynomial curve passing through the cell boundary nodes
and we finally create the related patch surface, as illustrated in figure 6-f. In this way,
each cell area can be automatically measured and exported in a tabular format.
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Figure 6: Cell surface definition: Node identification of cell boundary nodes (a-b); Delaunay triangulation of each
node set (c); Delaunay triangulation after the application of distortion criterion (d); detection of outer edges (e);
creation of 3D cell surface (f).
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3 RESULTS AND DISCUSSION

3.1 Validation step

In order to validate our novel methodology, we firstly compare the cell areas computed by
our numerical model with respect to the data available in the literature. Given the lack of
studies dealing with this topic, for such a comparison we can only refer to the work of Müller-
Hülsbeck et al. [3]. In particular, for our purpose we consider the measurements reported
about the 7-10X30mm tapered model (see figure 7). As highlighted by table 2, our results are
reasonably matching the experimental data, with a slight gap due to the non-planarity nature of
our measurements. We remark that in table 2 the data from Müller-Hülsbeck et al. [3] of distal
and proximal segments have been swapped, since we believe that a typo is present in that paper.
Such a consideration is reasonable if we assume that, given the same cell shape, the smaller is
the diameter of the related segment, the smaller is the cell area; consequently, in a tapered stent,
the distal segment diameter is smaller than the proximal one and thus the corresponding cell
area.

Figure 7: Methodology validation step: 7-10X30mm tapered model (a); Cristallo ideale 7-10X30mm device [3].

Table 2: Comparison of cell area obtained using our approach with respect to the data reported by Müller-Hülsbeck
et al. [3]. Data are reported as the mean ± standard deviation; mm2 is the unit measure.

Stent segment Model Müller-Hülsbeck et al. [3]
Proximal1 15.8± 0.1
Proximal2 16.3± 0.24 13.5

Bifurcation1 3.4± 0.12 3.3
Bifurcation2 3.3± 0.1

Distal1 11.7± 0.1 12.4
Distal2 11.0± 0.1
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The post-stenting configuration obtained by the deployment simulation is reported in fig-
ure 5. The considered stent can be roughly classified as open-cell but, at the bifurcation seg-
ment, the cells are fully closed to enhance plaque support during release. Considering the
free-expanded configuration, this feature leads to a smaller cell size in the bifurcation segment
as highlighted by the plots of figure 8, while the cell area is bigger in the proximal and distal
segment. After deployment, it is possible to notice that the cell area is decreasing following the
vessel tapering, pointing up the dependence of the cell size from the target vessel caliber (see
table 3).
As depicted in figure 9, the vessel curvature induces a non uniform distribution of the cell area
in circumferential direction especially in the bifurcation segment, leading to standard deviation
values related to a cell area variation much higher with respect to the other districts. This effect
is due to the angulated carotid artery bifurcation, that causes a mis-alignment and protrusion of
the stent struts on the open surface. This is a well known phenomenon, the so-called fish-scaling
effect, that can result in intimal disruption [14].

Table 3: Cell area in free-expanded configuration (Pre) and after stent deployment (Post). Data are reported as the
mean ± standard deviation; mm2 is the unit measure.

Model label CRISTALLO IDEALE

Pre Post Post vs Pre

Proximal1 14.2± 0.05 12± 0.55 -14.8%
Proximal2 14.8± 0.24 12.3± 0.79 -16.8%

Bifurcation1 3.5± 0.11 2.2± 0.38 -36.4%
Bifurcation2 3.5± 0.10 2± 0.3 -40.8%

Distal1 14.4± 0.29 6.68± 0.19 -53.86%
Distal2 14± 0.1 6.4± 0.27 -54.68%

Figure 8: Cell area bar graph: free-expanded and deployed mean cell area.
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Figure 9: Cell area variation bar graph: deployed versus free-expanded mean cell area variation, the error bars
highlight the standard deviation for each stent segment.

4 LIMITATIONS

The main limitation affecting our study consists of the low stenosis degree present in the
considered anatomy (i.e., 24%), making the vessel under investigation not eligible for stenting
procedure in the clinical practice. To this end, it is important to note that this study was born
as the natural continuation of our previous work [7] and, for the sake of simplicity, we used the
same vessel model to introduce our novel approach, both from a geometrical and a constitutive
viewpoint. To generalize our results, more severe stenosis should be tested, introducing a mid-
way step able to model the angioplastic procedure that precedes stent deployment in a vessel
with an high stenosis degree. In order to achieve this goal, future analysis will need to introduce
a reliable material characterization for both vessel and plaque. Moreover, a comparative study
between different designs could enrich the validity of our approach and future analyses will
go toward the direction of providing useful information for the debate about the stent design
influence on clinical outcomes [6].
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5 CONCLUSIONS

In the present study we propose a novel methodology to evaluate the cell area of a given
stent deployed in a realistic carotid artery model through patient-specific finite element analysis,
with the aim of considering the actual configuration of the stent within the vessel. The obtained
results suggest that our approach can give further information compared to the accepted method
of free-expanded cell area measure. In fact our results show that, after deployment, the cell
area change along the stent length and the related reduction with respect to the free-expanded
configuration is a function of the vessel tapering. On one hand, this result, widely expectable,
demonstrates that, for comparative purposes, the conclusions withdrawn from the free-expanded
configuration appear to be qualitatively acceptable and our method is able to catch the same
information. On the other hand, our results indicate that free-expanded cell area measures
should be carefully handled since they do not take into account the variability affecting the cell
area distribution after the implant. Such variability can be identified by the standard deviation
values in cell area variation data (see figure 9). Starting from this assumption, the variability
seems to be more pronounced in the bifurcation segment, where the angulated carotid artery
bifurcation, causes an impairment in vessel scaffolding uniformity (see figure 5 and 9). The
given stent design presents a peculiar structure, i.e., open-cell at extremities and closed-cell at
the bifurcation segment. This hybrid configuration reduces such a variability which is more
pronounced with other fully open-cell stent designs [7].. Our approach can be used as a basis
for comparative studies on the device behavior in implanted configurations, using different data,
i.e., variability values, as an index of critical behaviors, such as fish-scaling effect, that can
lead to intimal disruption and stenting implant failures. Even if the aim of this study is only
to propose a novel approach to evaluate vessel scaffolding, the results confirm the capability of
dedicated simulations based on computational mechanics methods to provide useful information
about complex stent features. Such predictions could be used to design novel carotid stents or
for pre-surgical planning purposes.
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