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Abstract. To assess the efficacy of stenting procedure inttéatment of
cerebral aneurysms, a tool predicting accuratetyveith fast execution time the
stent released configuration could be very uséftle aim of this work is to
propose a first validation of the Fast Virtual Sieg method by comparing its
results with the ones achieved with Finite Elemdmialysis. A series of
parametric models has been set varying the geaseifithe stent, the vessel
and the aneurysmal neck, and the differences batiree two methods have
been evaluated comparing the released configusationorresponding models.
Results show a quite fine match between the two odetlbgies, accompanied
by a significant reduction in the computationaltsagained with FVS. In this
way, this method seems to be a promising tool tp bknicians choosing the
best treatment option.

Keywords: Stent, cerebral aneurysm, Fast Virtual Stentinghodt Finite
Element Analysis.

1 Introduction

Intracranial stenting procedure seems to be a uadidtiment option for cerebral
aneurysms which are not suitable for conventidmedapies. Among others, Barath et
al. [1] illustrated that the presence of a low pmatent in an anatomically shaped
aneurysm model damps the flow inside the pouchraddces the wall shear stresses.
These effects create a stagnant region inside thergsm and could decrease its risk
of rupture. Moreover, Lieber et al. [2] have showattthe impedance exerts by the
stent to the flow into the aneurysmal sac couldnagimized by controlling the stent
design. Besides all of the design features, Hirablayet al. [3] illustrated that the
position and the released configuration of the tsgglay a significant role in
modifying the blood flow and must be taken into@att. Therefore, a methodology
predicting the disposition of stents when releagéthin patient-specific vessel
geometries is necessary to evaluate the efficasuci devices and would be useful
to clinicians in selecting the most appropriatatmeent option for each pathological
case.
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In this light, computational simulations of the riateelease could be powerful tools
during treatment planning to assess the efficacgterfiting procedure. To be really
effective for clinical applications, they have toopide reliable information with a
computational time in the order of minutes.

Finite Element Analysis (FEA) has been extensivelyedugo study both the
mechanical behavior of stents during their deplaytrend the interaction between
released stents and the vessel wall. In particthar,influence of stent material and
geometry on its expansion and on the tissue respuas been widely investigated [4-
5]. As the presence of curvatures in the vessalstlagir specific anatomy affect the
stent conformability, Wu et al. [6] and Gijsen &t[d@] performed stent deployment
simulations in curved vessels and in one patientel@ model respectively. However,
because of the complexity of these models, inclydiigh constitutive and kinematic
non linearities, and due to the required high caiamnal costs, so far FEA
simulations are not feasible for a broad use wéttept specific geometries.

A different method allowing the prediction of theerst released shape is based on
deformable models. The first techniques were prapdse Appanaboyna et al. [8]
and Valencia et al. [9] and were able to releastent inside a patient specific vessel.
However, they didn’'t consider physical and geornatrcharacteristics of the stents
which can guarantee realistic stent configuratidnstead, the Fast Virtual Stenting
(FVS) methodology, proposed by Larrabide et al. ,[lfdkes into account the
geometric properties of the stents and was suadbssapplied with low
computational costs to virtual stent deploymentia vessel geometries.
Nevertheless, the lack of an exhaustive validatibrthis method requires further
assessments of its results. The aim of this wotkasefore to evaluate and quantify
the differences in simulating the stent releasedfigoration between FVS method
and FEA.

2 Methods

A series of parametric models has been set to atmuthe release of two
selfexpanding stents inside cerebral vessels lpatieurysms. With reference to the
design of the Neuroform stent (Boston Scientifiatisk, MA, USA), two stents with
different nominal diameters (3 and 4.5 mm) weresabered. According to the
information provided by the manufacturer, thesatstare supposed to be implanted
in cerebral vessels with a mean diameter within-251 mm and 3.6-4 mm
respectively. Two idealized straight vessel geomgtwere then used for each stent,
taking into account the diameter values mentiortsale. As the aneurysm dome is
not supposed to affect the stent released contigaraonly the aneurysm orifice was
reproduced. Three different necks were consideve@dch vessel geometry: two of
them have a circular shape with a main dimensiopgtional to the vessel diameter,
whereas the third one has an elliptic shape, winogi@r axis is equal to the stent
diameter and the minor axis is proportional tovbssel diameter.
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Fig. 1. Stent (a) and vessel (b) geometries; in (c) aravehthe two neck shapes and the
reference stent position on the top, while down diféerent orientations of the stent with
respect to its axis are depicted: starting fromléfie these models are named S2-C2-P1, S2-
C2-P2, S2-C2-P3.

Table 1. Table summarizing the geometric parameters oftéets and the vessels considered
in the different experiments of the stuéyl the dimensions are expressed in mm.

Model Stent Vessel Curvature Neck Neck dimension
Diameter Diameter Radius shape

S1-V1-N1 3 2.1 0 circular d=2.25
S1-V1-N2 3 2.1 0 circular d=15
S1-V1-N3 3 2.1 © elliptic 2a=3;2b=2.25
S1-V2-N1 3 25 0 circular d=1.89
S1-V2-N2 3 2.5 0 circular d=1.26
S1-V2-N3 3 2.5 © elliptic 2a=3;2b=1.89
S2-V3-N1 4.5 3.6 0 circular d=3.6
S2-V3-N2 45 3.6 0 circular d=2.4
S2-V3-N3 45 3.6 © elliptic 2a=45;2b=3.6
S2-V4-N1 4.5 4 0 circular d=324
S2-V4-N2 4.5 4 0 circular d=2.16
S2-V4-N3 45 4 © elliptic 2a=45;2b=3.24
S2-C1-N3 4.5 3.6 20 elliptic 2a=45;2b=3.24
S2-C2-N3 * 4.5 3.6 10 elliptic 2a=4.5;2b28

d denotes the diameter of the circular necks, 2h2nare respectively the major axis and the
minor axis of the elliptic necks; *the stent, vdsa®d neck characteristics of this model have been
used in the simulations executed with differenhstgientations illustrated in Figure 1 (d).

Since the conformability of intracranial stenthighly influenced by the curvature of

cerebral vessels and their axial orientation, twoved vessels geometries with
elliptic aneurysm necks and three different rotadiof the stent with respect to its
axis have been also taken into account. In paaicute considered different position

of the stent in the vessel with the greatest cureatwhich is expected to modify

more the stent configuration. Details of the modets depicted in Figure 1 and the
geometric features of the stents and the vessadrred in the study are resumed in
Table 1. More details on the models definition dreldimulations executed both with

FVS method and FEA are provided in the followingtems.
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2.1 Fast Virtual Stenting method

The methodology proposed by Larrabide et al. [14]b&sed on constrained
deformable simplex meshes. This approach consistdynia defining a second order
differential equation to deform a simplex mesh untlee effect of particular
constrains (internal and external forces). The asthgtended the method adopted by
Montangnat and Delingette [15], by introducing avrferce that encodes geometric
constrains concerning the specific stent design.[1B] more definitions and
additional information on simplex meshes can badbu

According to the geometric characteristics of thants $ and S (strut layout, strut
length, angle between the struts, etc.), the steshes have been created by defining,
over a subset of points constituting the simplesiméhe sets of nodes corresponding
to the extremities of the stent struts and themmneativity. To take into account the
specific geometry of each stent, further paramdtave to be specified: stent crimped
and nominal diameters and the strut width.

In order to position the stent in the appropriaéssel segment, generating its initial
conditions, the vessel centerline has been exttanid one of its points selected to be
the starting point for the simplex mesh. The seaomier differential equation chosen
to expand the simplex mesh in the vessel has bamreniently discretized by finite
differences, obtaining:

P =R+ @-(R" = R+ A (Fanoorl B+ X Fengn( ) + 1= 0) TP (1)

wherep; is a point of the simplex mesh andk the iteration number. The terfsooth
andfiengin represent the internal and the stent-shape comisigaforce; in particular,
the last one has been introduced to preserve tineleshgth during the expansiofy
corresponds to an attractive force moving the steegh from the initial condition
towards the vessel wall; this force is stopped wé@mesh point is closer than a given
valuee to the vessel wall, set equal to half the strdiaiathickness. The constanis
andy are weighting parameters for the different forcdse values to be assigned to
the parameters. and y have been chosen according to previous work [EV|S
simulations have been carried out on an Intel ®Tbt Duo CPU T7300 2.00 GHz
with 2 Gb of memory.

2.2 Finite Element Analysis

FEA simulations have been performed by means of ¢benmercial code
ABAQUS/Standard (Simulia Corp, Providence, RI, US4 executed on a Cluster
with a parallelization of 4 CPUs, each one with 4§imemory.

Vessels

The idealized vessels have been modeled as rigittda@ahd have beetiscretized
with meshes of 4-node shell elements, which numbang within 52880and 66450,
according to the particular geometry. Simplifyirfie tvessel wall as rigidlearly
involves a reduction in the complexity of the magleind does not allosonsidering
the real interplay between the vessel and the.stwever selfexpandingtents are
supposed to exert a lower radial force to the \esitie respecto balloon-expandable



ones [4]. Moreover, Tanaka et al. [12] showed that releasef open-cell nitinol

stents in a silicon model of the human carotidrarfreserves thgeometry of the
carotid bifurcation and the ICA curve and doesndlce astraightening of the vessel
segment with the stent. For these reasons, we aspotential expansions or
morphological modifications of the vessels indubgdhestent negligible in this first
validation.

Stents

The geometries of the two stents have been craadedy the commercial CAD
software Rhinoceros 4.0 Evaluation (McNeel & Asates, Indianapolis, IN, USA),
following the information both obtained frompaCT scan of the stents and provided
by the manufacturer. The stents have been meshéd8wiode brick elements; the
number of elements is 110550 for the steptaBd 158740 for the stent.SThe
mechanical behavior of the Ni-Ti alloy which seMpanding stents are made of has
been described by the use of a previously develogedsubroutine [13]. The typical
mechanical characteristics of the Neuroform steatret available; hence average
values derived from literature were chosen as d@lgurinput parameters (see Table
2) [4,5,13]. In Figure 2 the typical pseudo-eladticiaxial stress-strain (a) and
threshold transformation stress-temperature (byesuare illustrated and the main
input parameters indicated.

Table 2. Input parameters required by the user subroatiseribing Ni-Ti alloy behavior.

E elastic modulus, assumed equal for the martensitktiae austenite 70000 [MPa]

v Poisson’s coefficient 03 [-]

g transformation strain 006 [-]

H transformation phase tangent modulus 3500 [MPa]

B coefficient of the stress component inducing tramsétion- 5 [MPa/K]

temperature relation, according te=oo+R ando=p<T-M¢>; oy is the
stress value indicating the mean value of the m@ichhhysteresis and
os is the stress threshold value at which the austetdt martensite
transformation starts

inria-00418412, version 1 - 18 Sep 2009

M¢  martensite finish transformation temperature 2736 [K]

T current temperature (SMA in austenitic phase) 31015  [K]

R half of the mechanical hysteresis amplitude inuhiaxial tension- 50 [MPa]
compression case

m coefficient related to the asymmetric behaviorfASn tension and 1 [-]

compression
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Fig. 2. Uniaxial pseudo-elastic stress-strain curve (a) #mdshold transformation stress-
temperature curve (b) for a Ni-Ti alloy. The maimput parameters required by the user
subroutine are indicated.

Boundary conditions and steps of the analysis

To simulate the stent release two steps have befined in the analysis: (i) the
crimping of the stent and (ii) the selfexpansiorthaf stent until it contacts the vessel
wall. Crimping procedure consists in a radial coeggion of the stent and its
insertion into a low profile delivery system, asréwranial self expandable stents are
characterized by an initial diameter bigger tha@ ¢time of the vessel in which are
supposed to be implanted. This procedure has beeiased by uniformly applying a
negative radial displacement to the nodes of thernial surface of the stent. In order
to prevent vessels and stents rigid motions, apja@psets of nodes in the stent and
the vessel were constrained in the axial and tarajetirections.

After this first step, every displacement in radiakction has been removed in order
to allow the free expansion of the stent, thankthé&pseudoelasticity property of its
material, and its adjustment to the vessel geomding contact between the stent
outer and the vessel inner surfaces has been naodéle a frictionless hard contact
interaction.

3 Resaults

To assess the differences between both methodsstéiné released configurations

have been compared for each scenario. In ordeuamtdy these differences, the

distance between corresponding nodes in the twoetsdias been computed. The
error has been then calculated by comparing thissandes to the vessel diameters.
Particular attention has been paid to the erroeaetl on the nodes located in the
aneurysm orifice. Indeed, this is the region in ahhthe effect of the stent on the

blood flow is more significant for aneurysm treatdor this reason, predicting the

most realistic stent released configuration in #rea is extremely important. Figure 3

(a) depicts the box plot for the errors in all thedels, and also shows error average
values.
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Fig. 3. Box plot for the error between corresponding noseBEA and FVS models (a); the
stent final configurations in the model S2-V4-N& aepicted in (b): on the top is shown the
FEA model and down is the FVS model.

It can be noticed that while the mean values olegkreleasing the stents into straight
vessels are within 5% and 10%, in the models witlved vessels mean errors greater
than 15% have been achieved. The final FEA and eM8igurations of the stent in
one of the curved vessel geometries are showngar&i3 (b). It has to be remarked
that, as we expected, the curvature of the vessmiliced a more pronounced
protrusion of the struts in the neck. With the afminvestigating more deeply how
these errors reflect the differences in the stelgase configurations, the errors in
radial, circumferential and longitudinal directiomave been evaluated for the models
with straight vessels. The comparison between tagimmum radial and longitudinal
error is presented in Figure 4 (a). It can be olexbthat the maximum radial error,
which can be considered a first parameter to etaltize differences in the stent
expansion and correspond for all the models to siddeated in the neck, is
significantly lower than the longitudinal one fot the models. As for the models
with curved vessels, the maximum error is not olesrin correspondence to the
aneurysm neck; however the values detected inrélgion reveal a quite meaningful
difference between FEA and FVS methods, espedatlyhe models S1-C2-N3 and
S1-C2-P1.

Moreover, the most significant difference betweka two methods consists in the
computational time and, as previously mentionedoueces required. Indeed, while
FEA simulations run in almost two hours each, therage time required for the stent
release with FVS method was 5.2727 s with a stahdaviation of 0.64667 s, with
an exceptional gain of computational time.
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Fig. 4. Maximum radial and longitudinal errors obtaineceealing the stents in straight vessel

geometries (a); the error computed for the nodeglektent positioned in the aneurysm neck is
superimposed to the box plots for the error obthinigh the curved vessel geometries (b).

4 Conclusion and Future Works

Fast Virtual Stenting method could be a valid tmohelp clinicians evaluating the
efficacy of stenting procedure in the treatmentcefebral aneurysms. Indeed, our
results, obtained with idealized vessel geometriedicate that it could provide
results close to the ones obtained with FEA sinaratin the same conditions, with a
significant reduction of the computational time. eTlpossibility to simulate the
stenting procedure with fast execution times isintefy fundamental for clinical
applications, in particular during treatment plani

However, in this study, the correspondence betvidéd and FEA stent deployment
is limited for straight and less curved vesselsjlavberebral vasculature could be
characterized by more accentuate curvatures. Fustbik is then required to validate
FVS method with more physiological curvature val@esl patient specific vessel
geometries. Additional optimizations of the alglomit parameters for different stent
designs and an evaluation of the effects induced more realistic description of the
vessel material are also necessary to assess #iey apf this methodology and are
currently work in progress. In the end, it shoukd \erified whether and how the
differences in the released configuration obtainéth FEA and FVS really induce
significant change in the vessel and aneurysm flyigamics.
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