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ABSTRACT

A methodology is proposed that identifies optimal stentogsvior specific clinical criteria. It
enables to predict the effect of stent designs on the mezdiagrivironment of stenotic arter-
ies. In particular, we show representative experimentaltes of the transient expansion of a
commercially available balloon-expandable stent systachacomputational analysis of that
system with a patient-specific atherosclerotic iliac ayter

Using a pneumatic-hydraulic experimental setup, the pnesdiameter diagram for a balloon-
expandable stent is documented as well as typical measuchsas the burst opening pressure,
the maximum dog-boning and foreshortening, and the elasticil. The geometric arterial
model is based on magnetic resonance images, while anmotneaterial models are applied
to describe the mechanical responses of the (four diffetesiues at finite strains. In the simu-
lations three different stent designs are studied. Thegperénce of each stent is characterized
by scalar quantities relating to stress changes in the gteontact forces and changes in lu-
men area after stenting. The study concludes by suggestmgptimal stent designs for two

different clinically relevant parameters.
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INTRODUCTION

Balloon angioplasty with stenting is a well established effelctive vascular reconstructive
procedure aiming to reduce the severity of atherosclestéinosis, one of the most frequent
form of cardiovascular diseases. Its popularity arisestduts less invasive nature (compared
to surgical alternatives) and its better clinical outcoomnipared to balloon angioplasty without

stenting!:29)

Despite the constantly increasing success rate of stetitinggh technological progresses
in stent design and drug coatings on the stents’ suffahe,procedure can still fail because of
in-stent restenosis which occurs in 30-60% of patients witimplex lesions. Restenosis is a
mechanobiological process characterized by stress-@utdgmwth, such as neointimal hyper-
plasia. In more detail, the focal vascular trauma imposetthégtruts of the stent, the stress and
strain environments around the expanded stent, and thieesésof a foreign material in the
injured artery may trigger molecular mechanisms, leadigftammation, granulation and ex-
tracellular matrix productiof®22:3°These processes may lead to reclosure of the blood vessel,

which results in the need for further interventions.

Balloon angioplasty with stenting is a procedure of mainkychmanical characteristics. It
is, therefore, understandable that its outcome depend®oaxample, the design parameters
defining the mechanics of the stent such as the material angabmetry of stent cells and
struts. This is supported by recent clinical studi&¥, which identified the stents’ geometric
characteristics as one of the major elements for reducingooeasing the risk of restenosis.
Towards this direction, computational tools such as theefieiement method have been used

to investigate the biomechanical implications of vascstanting and to provide optimal con-
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figurations of medical devices.

This chapter reviews an experimental setup to study thetimflaof balloon-expandable
stents and to record related load and deformation inclustiegsures such as the burst opening
pressure, maximum dog-boning and foreshortening, andieftasoil. It briefly discusses the
change of the inner balloon pressure over time during ioftaéind deflation of an ¥PRESS
VAscULAR LD™ balloon-stent system and the change of the central diaroétigre stent
over the pressur. In addition, this chapter reviews a computational study #mas to inves-
tigate the interaction of vascular stents with a human agwerotic lesion; in particular 3D
morphological data of a type V atherosclerotic lesfoof an iliac artery are considergd The
arterial wall is modeled as a non-homogeneous solid, ctomgisf four different tissue compo-
nents. The applied constitutive models are able to capha@&donlinear, anisotropic behavior
of arterial tissues. A vascular stent is parameterized aodnodified geometric designs are
generated. A cylindrically orthotropic model is used inartb describe the anisotropic behav-
ior of balloon catheters under internal pressure load. Tmeputational model also attempts
to provide a deeper insight into the dominating effect ofjpfissuring and dissection during
stenting>28:2°This is performed by introducing two (small) initial crackear the edges of the
plaque.

The study results in the identification of changes in the raeal environment of the artery
during and after stenting, when the three different stesigis are used. Particular emphasis
is placed on the generated stress fields of the four artéesglds. The performance of the
different stents is quantified by means of three scalar atdis® These indicators characterize
the lumen gain and the arterial injury imposed by the stertigrefore, they may be helpful in

finding the optimal stent design for the particular stenasis for specific optimization criteria.
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EXPERIMENTAL STUDY

The goal is to investigate the deformation mechanisms @amdiameter and length) of
balloon-expandable stent systems under operationahgitpressure that range between 0 and
12 bar. Inflation tests are examined for the burst openingspire, dog-boning, foreshortening
and elastic recoil. The experimental setup and procedutigedballoon catheter-stent inflation
is briefly described. The deformation mechanisms are ptedemd a comparison between the
performance of six commercially available balloon-expnd stent systems during and after

the inflation and deflation is provided.

Experimental setup and procedure

The experimental setup accommodates two tasks: (i) thacagpiph of a pressure load
inside the balloon causing a dilation of the balloon expatelatent, and (ii) the measurement
of the load and the related deformation of the cathetertsiestem. A schematic representation
of the setup is depicted in Figl. 1. It is a simple, low cost pnatic-hydraulic system, enhanced

by two computer units and a camera.

The first step of the experimental process is concerned Wwélfikation of the catheter-
stent system which is clamped at locations far away frompisen and lower boundaries. This
allowed free expansion of the balloon in all three directigradial, axial, circumferential). In
addition the removal of the air from the inflation tube and Itlaloon catheter is carried out.
Sterile water is used as inflation medium and therefore jrathast initially be evacuated from
the system. This preparatory task is here performed asnitalipractice. In short, a stopcock
along with a syringe are attached to the catheter’s inflghian. While the stopcock is open,

negative pressure is applied through the syringe. Whehvataum is achieved in the inflation
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lumen and balloon, the stopcock is closed and the syringeni®ved. The flow of the sterile

water into the balloon then takes place and the inflation @tiddloon-stent system is initiated.

In order to gradually increase the pressure of the water gpoessed gas accumulator is
used. One side of the accumulator is connected to a tubeicmg@ressurized nitrogen, while
the other chamber of the accumulator contains the hydruiit(sterile water). The two media
are separated by an elastic diaphragm. The progressivengpathe regulating vent connected
to the gas tube leads to the gradational increase of the’svptessure, constantly measured by
a pressure transducer located next to the catheter infladidnThe recording of the transducer
is considered equal to the inner balloon pressure, by regatde hydraulic losses negligible,
and is subsequently labeled@as The computer unit PC 2 records the input from the pressure
transducer (the inflation load) at one second intervals sandltaneously sends a signal to the
computer unit PC 1. Simultaneously, PC 1 triggers a CCD cameguipped with a magnifying
lens which takes a photograph of the catheter-stent systeerdlilation. Three examples of the
acquired photographs are givenin FiQy. 2, where the defoustigurations of the balloon-stent
system (KPRESSVASCULAR LDTM) at different inner balloon pressures are shown. Image
analysis software (Scion Imaging) is employed for a dedalealysis of these data. Information
such as the stent’s diameter (at different positions, fangxe, at distal and central segments)

and the total length at a specific pressure load is extracted.

Experimental results

The characteristic pressure-diameter{) diagrams (i.e., the change of the stent’s diameter
with applied pressure load), can be determined by analythiegbtained image data. The

D diagram is a direct and comprehensive source of informat@mrcerning the deformation
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characteristics of the balloon catheter-stent system;Fagé3 for the EXPRESS VASCULAR
LD™ balloon-stent system. In particular, FId. 3(l) shows thadgial change of the inner
balloon pressurey, over timet, while Fig.[3(I) shows the change of the central diamégr.

overpy, (the Dy, .-measure is indicated in Figl 2).

The diagrams of Fid/]3 indicate that the dilation of thePRESSVASCULAR LD ™ balloon-
stent system can be basically divided into four phasesallyitas the pressure load starts to act
on the inner side of the balloon catheter, the balloon fitsadloto the stent. During this phase
(@ — @) the stent deforms elastically and its central diamgtgg changes only slightly. This
is not the case for the distal segments of the stent, whegerldeformation is noted at the edges
of the stent for the same pressure levek{ p;, < 3 bar). This behavior, called dog-boning (or
bone effect), is due to a higher compliance at the ends otéime structure, and is clearly visible

in Fig.[2. Dog-boning may be defined3s

Dst,d - Dst,c

DB = ,
Dst,d

(1)

whereDy, 4 is the diameter of the distal segment, as indicated in[frig. 2.

When the load reaches a specific limit, ggy(for the EXPRESSVASCULAR LD™ Dy is
2.90 bar, see Fig.13(ll)), the stent starts to expand signifigaiphase) — ©), and the stent
approaches its nominal diameter in a few seconds. The platielgig.[3(II) shows this defor-
mation mechanism. The main cause of this rapid expansiterree to as burst opening, is the
initiation of plastic deformation in some stent areas. Tlighspressure drop during this phase
is a consequence of the burst opening. As expected, whendhmeter of the stent increases,

then the volume increases causing a pressure drop. Sulbslggaenew phase of deforma-
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tion takes place@ — (@), wherein the balloon-expandable stent system stiffegsfiantly

in the circumferential direction. A high pressure incre@seecorded against a low stent di-
lation rate. The main cause of this stiffening behavior aspt deformation of the stent and,
most important, the deformation characteristics of théobal catheter (as discussed later in the
manuscript). Finally, the load is gradually removed (pidse- ®) and the pressure is reduced
to p, = O bar. The final diameter of the stent is smaller than its di@met maximum pressure
load. This reduction in size is a result of the stent’s elalststic deformation and is referred to

asrecoil. The central radial recoRE™ may be given by the relationship

max

D _ pe
d st,e  — ste
REﬁa = T _pmex (2)

st,c

0
Py
st,c

with thbcx indicating the diameter of the stent’s central segment aimmam pressure ant)

is the same diameter after deflation of the balloon. In the cdthe EXPRESSVASCULAR

LD™ stent, the recoil is approximately 1.5%, and therefore yeadily apparent in Fid.] 3(Il).

As was stated in the introduction, two important charasterimechanisms of stent ex-
pansion are dog-boning and foreshortening. Dog-boningpseived in all investigated stents.
Based on an EPRESSVASCULAR LD ™ stent, Fig[#(l) shows the typical change of the dog-
boning DB, according to eq.{1), as a function of the inner balloon suesp,. The effect
becomes clear at a pressure close to the burst opening predshe distal segment¥hen the
balloon pressure reaches the val{jex 3 bar (central segment burst opening load) the stent ap-
proaches an approximately cylindrical shape and the dogagaliminishesAt higher pressure

loads and after deflation of the balloon catheter, the dogrgpdecreases to zero.

The foreshortening mechanism describes the axial comiraof the stent under dilation.
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Foreshortening may be definectas

L - L
FS — st,defo st,unde (3)

Y

L st,defo

where Ly gefo and Ly wnde denote the deformed and the undeformed lengths of the stent,
spectively. For the case of thexBERESSVASCULAR LD™ stent, the change of foreshorting
F'S over inner balloon pressugg is depicted in Figl}4(1l). Due to the cylindrical geometry of
the stent and the dog-boning, inflation of the balloon-ssgstem leads to a decrease in stent
length. The shortening reaches its maximum value as the dog-boaathes its maximum as
well (Figs[4(1)-(1)), i.e. at the burst opening pressuradoof the stent’s distal segments. In
addition, as the load increases to the stent’s operatiorabpre £ 11 bar), the stent elongates
from its compressed configuratiofinally, the removal of the pressure load leads to an axial

contraction of the stent (2% for thexBERESSVASCULAR Lp™ stent).

In Table[1, the burst opening presspte the maximum dog-bonin®B,,.., the maximum
foreshortening*S,,.. and the final central radial recdlE (in percent) are given for six com-
mercially available stents. TheXERESSVASCULAR LD ™ shows the largest dog-boning due
to its larger circumferential stretch relative to the othnts, while the Racer stent shows the
only positive value of foreshortening. In the Racer steatrttaximum central radial recoil was

measured after balloon removal.

GEOMETRIC AND MATERIAL MODELING

This section provides the geometric and material modelspgeets of the vessel wall and

the involved medical devices, i.e. the stent and the baltatheter. The section starts with a
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description of the 3D arterial model based on image dataijrdratiuces the adopted continuum
formulation, which is able to incorporate the nonlineaatyd anisotropy inherent in human
tissues. Next, account of a stent model, based on a curnesely product, is given and finally
a cylindrically orthotropic material model is used to déserthe deformation of angioplasty

balloons under internal pressure.

Arterial model

In the present computational study, a detailed geometdgagsical model of an atherosclerotic-
prone human external iliac artery (65 yrs, female) is cagrgid. The regarded lesion is of type
V characterized by prominent new fibrous connective tissukeadlipid core3® The 3D geome-
try of the arterial wall architecture was traced by meansigiiftesolution magnetic resonance
imaging (MRI) and reconstructed by non-uniform rationasfdines (NURBS), as can be seen
in Fig.[8(1). A detailed description of the procedure and &ssociated histological analyses,
required to identify the underlying tissue types, is preddn the references’ The identifi-
cation of the 3D tissue structure is regarded as an impoaisgpect of the documented attempt,
and it is a necessary prerequisite of meaningful simulatafrballoon angioplasty with stent-
ing. According to the classification proposed by Holzapfellgl’ seven different tissue types
are identified in the atherosclerotic arterial wall: adwen{A), non-diseased media (M-nos),
non-diseased intima (I-nos), fibrous cap (I-fc), fiborousmat at the medial border (I-fm), lipid
pool (I-Ip), and fibrous media (M-f). For the purpose of thigdy, M-nos and M-f are com-
bined to one tissue component referred to as ‘media’ (M) larasb, I-fc and I-fm are combined
to another component referred to as ‘intima’ (I). The coasation of all seven arterial tissues

would require detailed information about the anisotropgach individual tissue, as discussed
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later in this chapter. From the complete arterial wall aiseatvith lengthl, = 1.4 mm (which
is also the smallest cell length of the stent) is considemduch incorporates four tissue types

(see Figlh).

Balloon angioplasty and stenting frequently lead to fisggpiaind dissection of the atheroscle-
rotic plaque? which is thought to be one of the main mechanisms of lumen ghtained
through this procedure. A reliable prediction of the stieslsl of the stented arterial wall re-
quires the incorporation of these effects. However, thegmework does not investigate the
fissuring and dissection from a fracture mechanics pointiei¥° instead two initial tears
(ITs) are introduced into the intima. The initial cracks placed at the edges of the plaque (the
plaqgue shoulder) because experimental studies indicase tlocations as the most prominent

ones to plaque rupturé:2° The arterial slice described above is depicted in[Big. 5(11)

For the determination of the passive, quasi-static mechaproperties of the individual
tissue components, mechanical tests were performed on puterrcontrolled, screw-driven,
high-precision tensile machine. Rectangular stripe saswith axial and circumferential ori-
entations were excised and stretched far beyond their plogstal loading domain in order to
capture the range of deformations induced by the stent. ipieepool did not allow tensile
testing due to its fluid-like consistency. A detailed dgstoon of the performed mechanical

tests is documented in the study by Holzapfel éal.

Arterial tissues are anisotropic, heterogeneous, higéfgrthable, (nearly) incompressible
and show a pseudo-elastic behavid¥ Following the worki# it is assumed that each tissue
component is reinforced by two families of collagen fibersbedded in an isotropic ground

matrix. This reinforcement renders the material propsrtaisotropic. The fibers’ (mean)
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preferred directions are represented by two unit vectagsag andag,. The isochoric par®
of the strain energy stored in the non-collageneous andgatieous components is giventby

o _ k _
U =U(l, 1y, 1) = p(ly —3) + 2—];2 {exp[l@(]i — 1)2] — 1}, (4)
i=4,6

wherel; = trC is the first invariant of the modified Cauchy-Green terSox J~2/3C,? and

I, = C:ayn ®ag andly = C : ag, ® ay, are two invariants. The material paramete@ndk,
have dimensions of stress, whitg is a dimensionless parameter. The first parf_bf (dddels
the contribution of the non-collageneous matrix, whileskeond part, characterizes the energy
stored in the collagen fibers.

The strain energy described [d (4) is used for each of thetfssme components, but with a
different set [i, k1, ko) of material parameters, and different direction vectass &ndag,) as-
sociated with the structure. Up to now there are, unforeelgano data available in the literature
concerning the collagen structure of stenotic iliac agteriln the present approach, the struc-
tural dataayg; anday, are treated phenomenologically and are estimated from gwhamical
tests described previously. In addition, the componentisetollagen fibers’ direction vectors
in the radial direction are neglected, allowing thus thecdpton of ag; anday, by an angle
«, defined between the fiber reinforcement and the circumfiaitefirection of the individual
layer. The least-square fitting of the constitutive modeht® anisotropic data reported in the
referencé® leads to the determination of the three involved materiedmeters , k., k») and
the structural parameter. The obtained values are summarized in Table 2. For mordsletfa

the material mode[{4) and suitable modifications see th& bhapter?
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Stent models

First we considered an¥®RESSVASCULAR LD ' stent with delivery system (guide wire
and introducer sheath) obtained from Boston Scientific i§eeAB. The detailed shape and
dimensions of the undeformed configuration of the stentyshio Fig.[6(I), were studied using
an Olympus reflected-light microscope with an attachedaligamera.

The 3D computer model of the stent (Hig. 6(11)) is generatgdieans of a parametrization
algorithm. Parametric design is a useful technique in esgging when products are tailored
fit to specific needs or when optimization is used to genehseptimal product design. The
algorithm makes use of a series of design parameters (se&(H)y, describing the stent’s
morphology and dimensions. In addition, the parametomasilgorithm is able to provide the
finite element mesh of the individual parameterized stamthé simulations described below,
three stent designs are taken into consideration. The dositiol) stent, labeled as; Sis the
EXPRESSVASCULAR LD stent, with specific dimensions shown in Hig. 6(1ll)), whilee
two other designs derive from variations of the parametefsithg the width of the strutss()
and the wave length of the stent’s céll ), see Tabl€l3. The first variation of the control stent,
labeled as § has thinner struts (more compliant structure), while #@sd variation labeled
as S, has approximately half of the struts of the control stetiff¢s structure). Since only a
slice of the vessel wall is studied, only one cell of the siegbnsidered.

According to the acquired data, th&BFRESSVASCULAR LD™ stent is made of stainless
steel (316L). The material’s elastic regime is describecabyeo-Hookean model, while its
inelastic response is described by a von Mises-Hill plagtinodel with linear hardening. The
Young’s modulus isZ = 201 GPa and the Poisson’s ratioi#s= 0.3. The yield stress, is

chosen equal t800 MPa and the hardening modulék,, is equal ta2 GPa.
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Balloon catheter models

Although the initial form of balloon catheters is S- or Z-pkd, the undeformed configu-
ration of the balloon is modeled as a circular cylinder. Théeodiameter of the cylindrical

balloon isDy, , = 2.2 mm, the thicknes#/;, = 0.2 mm and the length, = 2.0 mm.

The inflation of balloon catheters is characterized by caxginematics’. Initially, the un-
folding of the balloon takes place under low internal press&urther increase of the pressure,
leads to a continuously increasing diameter, while theatathretains axially its cylindrical
shape. After a specific load, depending on the balloon’s ar@chl and geometric properties,
the balloon exposes rapidly a nonlinear, stiffening betravin order to account for the de-
scribed effects, a cylindrically orthotropic model, basedfiber-reinforced materials’ theory,
was used?® Briefly, two material axes with different mechanical prajes are introduced, ori-
ented in the axial and circumferential directions. Circarahtially, the balloon is very soft
initially but particularly stiff after a predefined strettiit, provided by the stent manufacturer.
In the longitudinal direction the balloon is assumed to beay stiff at its reference direction,
hence the axial stretch limit is about The introduction of this artificial material allows the
imitation of the typical characteristics of balloon cativs® Note that this peculiar mechanical

response could not be obtained by means of isotropic mbteodels.

COMPUTATIONAL ANALYSIS

This section summarizes the finite element model of ballowiaplasty with stenting, in-
cluding the modeling of the contact interactions betweentidlloon, the stent and the arterial

wall. The generation of the computational mesh is descrdasedell as the boundary condi-
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tions and the loading procedure. Finally, three indicatdiie to characterize the stent-artery

interaction are discussed.

Finite element discretizations, contact modeling

The 3D geometric models of the four arterial tissues areragglg discretized by application
of the commercial mesh generation toolkit CUBIBpproximately 3500 eight-node hexahe-
dral elements are generated in total, and the mixed finit@e formulation, implemented
into the multipurpose finite element analysis program FEAB,applied. This approach pro-
vides an efficient and proper description of the incompldssieformation of arterial tissues.
The meshes are generated with matching nodes on the tigsudes, and hence no special
algorithmic treatment is required to link them. The sameetgpvolume elements is chosen
for the discretization of the balloon catheter, where 2&8nants are generated. Finally, the
structure of the stent implies the use of two-node, largpldtement, large rotation 3D frame
element$?! The choice of frame elements over hexahedral elementsedsis to less compu-
tationally expensive simulations, an important aspectwdmnplex contact problems are to be
analyzed. The adopted contact algorithm is based'&continuous uniform cubic B-spline

surfaces documented in referedtand implemented in FEAP.

Boundary conditions

Experience obtained through experimental investigatstiasved that, in contrast to healthy
arteries, highly stenotibumanvessels show very little or no axiad situ pre-stretch, approxi-
mately equal to 1 (a value of 1.03 is reported in referé?)célence, no axial forces or displace-
ments are applied to the artery. The top and bottom faceseatdhsidered artery section are

fixed in the axial direction (plane strain conditiorf)he load-free configuration of the arterial
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wall (shown in Fig[b(ll)) is also considered stress freej &ence residual strains (stresses)
are neglected. Even though the algorithmic concept forrnberporation of residual stresses
exists2® the lack of experimental data in atherosclerotic lesionkaadheir consideration not
possible in this work. Next, a small value of stiffness isegito each node of the artery. This
restricts the rigid motion of the artery. To obtain an almmsicentric expansion of the balloon
catheter, its nodes located on two orthogonal axial plareefixed in the circumferential direc-
tion. As far as the stent is concerned, the axial displacéraae fixed for all the nodes on its

midplane, thus, restricting its rigid motion.

Loading procedure

The reference diameter of the chosen catheter and sterggerihan the diameter of the
lumen of the stenotic vessel under investigation. Heneeutideformed balloon and stent are
placed in the lumen with penetration. Next, the penalty p&tar which enforces the contact
constraint is gradually increased in a few load steps. Ttigspenetration is reduced and the
contact between the medical devices and the inner arteaihisivestablished in a computation-
ally stable way. The expansion of the balloon catheter Wa8loThis is performed by follower
pressure loads which are applied on the inner surface ofdledm. An increase of the inner
balloon pressure leads to the expansion of the three botld®n the outer diameter of the
balloon reaches a desired value, the balloon contact yepaiameter is gradually decreased,
simulating the balloon catheter’s deflation, and only tresptally deformed stent remains in

contact with the inner surface of the vessel.

Indicators for the outcome of angioplasty

Local stress distributions within the specimen duringdiatl angioplasty and stenting are
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undoubtedly an important measure to illustrate the chamgs mechanical environment of
the vessel wall caused by a particular stent. Neverthelessiteria are based on a set of
scalar quantities and linked to mechanical measures sucbraact forces and stresses, then
they could provide a faster and more comprehensive andlejfiadgment of the stent-stenosis
interaction. The idea to introduce scalar indicators, att@rizing the mechanical field of the
arterial wall and the lumen change after stenting, wasailjtproposed in the referené@while

also applied it

The first indicator characterizes the contact force apphedhe intimal surface from the
stent’s struts. This is an important measure, since elé\@rtact pressure in the vicinity of the
stent struts may lead to injury of the endothelial and meshiaboth muscle cells, which may
increase the neointimal hyperplasia formatféhe indicator of the normalized contact forces

at the intimal surface caused by the stent struts is dengtdel band expressed as

- E 0OS
Dy =y T ©
i=1 ¢

wheren, is the total number of nodes of the stent cell dfd.; is the norm of the contact force

at each stent node after stenting, given by

3 1/2
E,post = <Z fJQ) ) (6)

wheref; are the reaction force components at the np@ad!. is the total length of the consid-
ered stent cell. The indicatd?, can also be used as a measure for prolapse, hence as a measure

for the deflection of tissue between the struts. Prolapggertis strongly on the artery’s (ma-
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terial) composition, the contact forces and the spacingden the stent struts, thus it can be
linked to D;. In addition, prolapse provides an important insight oneffiectiveness of stenting

since clinical studies relate it with the appearance otrestis??

As aforementioned, a critical factor that drives restesissihe long-term change of stresses
within the arterial wall after the performance of the inemtional treatment. High stresses in-
duced by the stent may be responsible for the triggering@i/tir mechanisms and finally may
lead to restenosi® Therefore, a second indicatdy, is used, able to quantify stress changes in

the arterial wall. This indicator is defineds

=1
Dy = -———————, A0y = 0ipost — i MAP- (7)

In the above equatiom,, denotes the number of the arterial volume elementg aiide volume
of the element, which is used as a weighting factor. Next,,.s. ando; \iap are the maximum

(principal) stress in the elemenafter stenting and under mean arterial pressure, respgctiv

The last indicator, denoted by (LumenGain), corresponds to the lumen change due to

stenting. The lumen gaihG is defined a8

LG . Apost

— Apost 8
AMAP ( )

where Ayap is the smallest inner cross-section of the artery beforéopiasty and stenting,

and A, is the cross-section at the same locatiomas p after angioplasty and stenting.
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RESULTS

In the following section, the most illustrious results oétherformed computational simu-
lations are provided. In particular, the stenting induceedss fields of the arterial tissues are

studied and the performance of the considered stent dasignalyzed using scalar indicators.

Predicted stress fields

The first of the performed simulations concerns the athérostoc lesion under internal
pressure load. The chosen load is the mean arterial pretgwe to bepyiap = 13.3kPa.
Note that in this case no initial tears are incorporatedestigsue dissection and fissuring are
considered to take place at loadings which occur duringpbalbngioplasty. The stress field in
this case is illustrated in Figl 7(l). The maximum (prind)presses are given in kPa and are
shown for the intima, media and adventitia. As can be seeigiridf), the innermost layer of
the lesion is the main load carrier of the structure. The meéal state, as shown in F[d. 7(1), is

regarded as the pre-stenting reference state, indicatée) hyp.

Next, the (small) initial cracks at the intima are consideamd the deformed configura-
tion and stress distribution in the arterial tissues undersame loading conditions are studied
(Fig.[a(l)). As previously mentioned, the role of the te&rdo incorporate fissuring and dis-
section of the arterial tissues, which occur during angistyl intervention$:222° The above
simulation aims to model the procedure of balloon angidplasthout stenting. The evolution

of the crack tips due to the internal pressure is visible q[&({ll).

The following step is concerned with the computational niodeof stenting with reference
to the undeformed configuration of the stenotic lesion idirig the two initial tears. The three

different stent designs, as introduced within the sectgiant models’, are used for this purpose.
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Figured ¥ (Ill) and 7 (IV) show the deformed shapes and thdtieg stress fields at full balloon
inflation and after deflation of the balloon catheter, retipely. Thereby the model of the
‘original’ (control) EXPRESSVASCULAR LD ™ stentis used. In all cases the balloon is inflated
until its outer diameter reaches the valiye, = 4.5 mm, which corresponds to an approximate
balloon internal pressure pf = 8 bar. Then, the balloon is removed and only the stent remains
in contact with the arterial wall. The slightly smaller lumarea, as shown in Figl 7(1V), with
respect to Fid.J7(lll), reveals the recoil of the elastoptastent. As can be seen in the Higs 7(lI-
IV), the tear of the intima and its dissection from the mebdiad to a different stress field (when
compared to the condition depicted in Hig. 7(1)). In the ocafdealloon angioplasty without and
with stenting, the intact intima continues to carry the maant of the load, but the stresses in
the adventitia and media increase during and after ste(egsecially behind and at the tips of
the dissections). In particular, a value of approximat€lf KPa is obtained at both tips at full
balloon inflation (FigLJ7(lll)). According to Holzapfel et.g& human atherosclerotic plaques of
iliac arteries rupture at a stress level similar to that cote@ here, which additionally justifies
the incorporation of the (small) initial cracks. It is ingésting to observe that in the diseased
part of the intima a stress-shield in form of an arc is pres@ihte acquired results also point
out that the lipid pool is under a low compressive hydrostatessure. The obtained deformed
shapes and stress fields, as illustrated in[Big. 7(IV), tatalely and quantitatively agree with
the outcome of a recent studwhere plaque fissuring and dissection during angioplastg we
modeled by means of a fracture propagation algorithm basecbbesive zones. However,
therein, no stent is used and the analysis does not addnetsstmteractionsNote that for all

considered cases the highest stresses were obtained lardticed crack tip.
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Comparison of different stent designs

At the end of the performed simulations of balloon angioglasthout and with stenting
using the three stent designs, the aforementioned ind&atq D,, LG are computed for each
case. The obtained values are then normalized (fréonl) according to

— ind — ind;,
ind = - . ;
iNdax — Ny

9)

where ‘ind’ stands for the indicatab,, D,, LG. The quantities ing., and ind,;, refer to
the maximum and minimum values of the related indicator wépect to the four cases, i.e.
‘balloon angioplasty (no stent)’, ‘control stent’ Sstent with thinner struts $ and ‘stent with
fewer struts §, with parameters according to Table 3. Frdm (9), it is obvithatind = 0
corresponds to the minimum value of the indicator ind @mb= 1 to the maximum value. The
normalized indicator®);, D,, LG for each simulation are plotted in F[d. 8.

As expected, the lowest lumen gain is obtained for the cabaltifon angioplasty, where no
scaffold is present to keep the elastic artery oger & 18% due to the tears which weaken the
structure). Obviously, for this cade, = 0 since no stent is present. The maximum values for
LG are acquired when the control stent(®G = 48%) and the stent with the fewer strutg S
(LG = 47%) are used. These two stent designs also lead to the higHeses\ar the indicator
D,, which characterizes (arterial) stress changes. GengFadl.[8 reveals a strong correlation
between the indicator5G and D,. In other words, the induced stresses in the arterial tsssue
highly depend on the final dilated state of the artery. Amdrggthree stents, the thinner and
more compliant stent.Sresults to the lowest values for all three indicatats:(= 42%). A

comparison between the stentse®d S indicates that by reducing the thickness of the struts
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by 40%, the achieved lumen gai.(7), the contact forced{;) and the (arterial) stress changes
(D) reduce by approximateB35%. Remarkably, as can be seen in . 8, stenst®ws the
highestD;, value, hence it generates the highest contact forces omtingai surface, while at
the same time, exhibits comparable values for the indisdderand LG (1% difference) to the
control stent $, as previously mentioned. This arises from the geometacasteristics of stent
S;, since a stent with fewer struts on its periphergtisicturallystiffer than a stent with more
struts and the same thickness. In the case;@ Bigger prolapse value is also expected due to

the larger distance between the struts.

It is clear that the above indicators stand for competingragts. An optimal treatment
or stent design should, from a clinical point of view, leadstdficiently enlarged lumen area
(large LG values). At the same time, it should not induce unnecesséeyia trauma, or in
other words, should minimize the changes in stresses ofrtega wall and should not apply
high contact forces on the intimal surface (small and D, values). The importance of each
indicator for an optimization procedure depends on theipgratient and the related patient

history.

The results of the simulations performed in this work sugtiest the control stent;Seads
to the most promising results in terms of lumen gain. The satiean also be accomplished
by the use of stent;S However, $ results in more significant changes in the mechanical
environment of the arterial wall expressed through Consequently, sSproduces more local
damage of the intimal surface due to contact forces, for éineesoutcome. In the case where
a stent design that minimizes arterial damage is more @elieover a stent that maximizes

lumen gain, the thinner and more compliant steptisSthe most appropriate device among
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the other two. Stent S leads to lower values of the indicatof and D,. Accepting that
these scalar measures are linked to arterial tissue danragenay assume that stent 1S,
consequently, less prone to restenodikis result is comparable with the outcome of clinical
studiesz2? which identified that thinner struts elicit less angiograplestenosis than thicker

struts.

DISCUSSION AND CONCLUSION

A comprehensive computational model of the arterial wak, medical devices and their
contact interaction is of pressing need and of outmost itapoe for a deeper understanding of
the vessel response under supra-physiological loadingasring during and after stent place-
ment. The availability of a comprehensive model is also irtgd for the optimization of stent
structures, and, therefore, of the interventional prooedvhich often fails due to biological
reactions such as restenosis. In the present work the meaehasponse of vascular balloon
catheter-stent systems were experimentally analyzedaglurflation. In addition, a methodol-
ogy was proposed to identify ‘optimal’ stent devices. Intjgaitar, a computational framework
able to identify the changes in the mechanical environméamtlerosclerotic human lesions

that occur due to the interaction with vascular stents waseted.

A pneumatic-hydraulic experimental setup was presentegl [f able to apply pressure
inside of balloon catheters and to simultaneously recaaddand deformed states of balloon-
expandable stents during inflation. Postprocessing ofrerpatally obtained data and images
(Fig.[2) makes it possible to extract characteristic pnessiiameter diagrams for individual

stents, here shown for thexBERESS VASCULAR LD™ balloon-stent system (Fig] 3). The
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generated images and diagrams reveal that during inflafidheoballoon-stent systems, the
overall deformation path can be sub-divided into three attaristic phases, and phenomena
such as dog-boning and foreshortening take place [Fig. 4bleTl summarizes additional
information including the burst opening pressure, the maxn dog-boning and foreshortening
values, and the elastic recoil. The experimental approaatodstrated a suitable basis for the
better analysis of vascular balloon catheter-stent systard for the development of new stent

designs. The study identified stents with maximum valuesogtlooning and foreshortening.

We analyzed a stenotic iliac artery in more detail and matlitlas a solid continuum com-
posed of four types of tissues. The mechanical responsecbf tesssue was described by a
neo-Hookean material relating to the non-collageneousixnan addition to an anisotropic
material, which relates to the response of the collagendidethe different sets of material
and structural parameters for each tissue were identifiethdgns ofin vitro uniaxial tensile
testd? (see Table 2). Residual stresses were not incorporatethi@tmodel due to the lack of
experimental data on atherosclerotic human iliac artetresrder to account for the important
inelastic effects of the artery at finite deformations susplaque fissuring and dissipation, two
initial tears were introduced into its load-free configioatat locations prone to crack initia-
tion. In addition, the nonlinear and anisotropic mechdmiesponse of the balloon catheter was
described by a cylindrically orthotropic mod® An EXPRESS VASCULAR LD™ iliac stent
was used for the generation of a computer stent model withngbeu of (flexible) geometric
parameters. Two more stent models were generated, onehwittet struts and one with fewer

struts (for related parameters see Table 3).

The interaction between the medical devices (balloon agnt)séand the inner arterial wall
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was solved as a 3D contact problémmin order to keep the computational costs low only a
3D section of the arterial wall, one stent cell and the smabtell length {, = 1.4 mm) were
considered. One simulation of balloon angioplasty withgiaht and three with a stent and the
aforementioned different designs were performed. All cotapons showed that the incorpo-
ration of the tears at the intima led to a different (prin€ijgéress environment in the stenosis.
In particular, in that case, the mechanical load was cabiethe intima, the non-diseased me-
dia and the adventitia. However, the highest stresses wpreted at the vicinity of the tears,
hence the induced trauma due to stenting remained locadizthte dissection site rather than

spreading over the lesion, which is in accordance with theyst

Finally, scalar indicators were defined that allowddnjectivejudgment on the performance
of the used stents and their interactions with the spectiierasclerotic lesion. These indicators
(D1, Do, LG) are measures of the contact forces applied from the stehetmtimal surface,
of the changes of the mechanical stresses in the indivitchgaldgs and of the achieved lumen
gain. The results revealed a strong correlation betweefuthen gain and the induced stress
level. Among the different stent configurations, &d S showed comparable values of the
indicators D, and LG. Nevertheless, the stent $d to higher values of the contact forces
(D,), being thus possibly a less favorable option for clinisidiman the control stent;SThe
described method indicated that a choice for the most apjptefstent strongly depends on the
optimization criterion. In the case that less vascularmrawas regarded as more important
than higher lumen area, the performed simulations suggettat $ with the thinner struts as

the optimal stent for the lesion under investigation.

There are some limitations of the study that should be adddes the near future. The
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balloon-stent systems were not experimentally testedamiplication environment, i.e. inside
an atherosclerotic arterial wall. The design of such an exysnt could provide information on
the damage induced by the stent struts on the endothel&l I&gr a methodology to study the
morphologic changes in lesions duriimgvitro angioplasty with balloon expansion see the study
by, for example, Auer et &.Crimping of the stent to the balloon catheter was not sinedlat
and hence the residual stresses and strains resulting fismrocedure were not considered.
It is noted, however, that the results of the study by De Betilal® show that the crimping
procedure has a minor influence on the overall expansiored$témt. The undeformed config-
uration of the balloon catheter is considered to be unifanch@ylindrical, and its folded shape
is not modeled. However, the adopted nonlinear model manimgsuccessfully simulate the
unfolding phase of the balloon in a phenomenological wayaddition, the presented compu-
tational model did not incorporate microstructural eféect the stent. The average grain size
of stainless steel is almost of the same order of magnitudbeastent’s strut thickness (ap-
proximately 15Qum). Therefore, a continuum mechanical model may be quesdtien Note
that the paper by McGarry et .analyzes micro-scale mechanical phenomena of the stent
material behavior using physically based crystal plastitieory rather than phenomenological
plasticity theory. Refinements on the geometric and caristé models have also to be con-
sidered in future studies. In particular, a larger-scalelehghould be studied, considering a
representative unit length (+ b + ¢) of the stent (see Fi@l 6) or the stent as a whole, and the
complete 3D morphology of the artery. A computational asialyn such a basis would lead
to local stress concentrations in the non-diseased inttrttaesstent edgé$ depending on the

lesion-morphology and the utilized stent type.
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Apart from the mentioned limitations, the proposed experital methodology and the
physical and computational models have the ability to mtewlear markers for the patient-
specific choice of the optimal stent configuration and shdmglcconsidered as a further step

towards optimization of the stenting technique.
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Figure 1: Schematic representation of the experimentailpsased for the inflation of the
balloon-expandable stents and for the recording of the watldeformation. The
two photographs show various components of the setup.
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Figure 2: Three photographs taken during the inflation of aPHESS VASCULAR Lp™
balloon-stent system. The deformed configurations of thiedracatheter and the
stent at three different inner balloon pressuysgsre displayed. From these images,
and by means of image analysis software, the distal diani&tgrand the central di-
ameterD, . of the stent were measured in addition to the total lengtle. ddg-boning
effect during the inflation of the balloon-expandable stewmtearly visible.
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Figure 3: Change of the inner balloon presspy®ver timet during inflation and deflation of
an EXPRESSVASCULAR LD " balloon-stent system (I). Change of the central diam-
eter Dy . of the stent ovep,, (Il). The deformation mechanism of balloon expandable
stents is divided into four stage®® — (), balloon fitting and elastic stent defor-
mation; ® — (©), burst opening accompanied with a large dilation réate— @),
circumferential stiffeningd — (€, load removal and (elastic) recoil.
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Figure 4: Phenomena that occur during the dilation of arRESS VASCULAR LD™ stent:
dog-boning DB (I) — the distal diametdp,, 4 of the stent expands faster than the
central diameterD, . until the burst opening of the central segments starts (at
py = 2.90bar), and the stent obtains gradually a cylindrical shapegshortening
FS (II) — during increase of the inner balloon presspiyehe lengthLg 4., Of the
stent initially shrinks. As the stent becomes cylindridgaklongates, but does not
reach its undeformed length ..4. in the fully deflated state.
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Figure 5: (1) 3D geometric model of a stenotic human iliaearobtained from high-resolution
MRI and reconstructed by means of NURBS. (II) Extractedratslice with length
l, = 1.4mm, composed by four arterial tissues: adventitia (A), ra¢i), intima (1)
and lipid pool (I-Ip). The introduced initial tears (ITs)eaalso indicated.
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Figure 6: (1) Photograph of the undeformed configurationhef pre-mounted EPRESSVAS-
cuLAR LD ™ stent and detailed view of the stent’s sinusoidal-strectuells. (1n
3D geometric model of the stent, obtained by a parametoatigorithm that makes
use of the shown design parameters. (lll) Dimensions of thaioed stent.



_ Interaction of balloon catheter-stent systems with lesienG.A. Holzapfel and D.E. Kiousis. 39

Maximum principal Cauchy stress [kPa]

[ (I) Mean arterial pressure (pyap = 13.3 kPa)] [ (IT) After balloon angioplasty (no stent)]

500

250

[ (I11) Balloon inflation (dy,, = 4.5 mm)] [ (1V) After balloon deflation

Stent

500 Balloon

250

Figure 7: Deformed configuration and distribution of the maxm (principal) stresses in the

arterial tissues (intima, media, adventitia) of an atheeystic human iliac artery at
different load states: (I) mean arterial pressuyrgap = 13.3kPa), no initial tears
present; (II) balloon angioplasty without stenting; (blloon and stent inflation (up
to d,, , = 4.5 mm); (IV) after deflation of the balloon catheter (only thergtremains
in contact with the arterial wall). The lipid pool is not show
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Figure 8: Normalized values of the indicatadrs, D,, LG obtained from the performed sim-

ulations, i.e. ‘balloon angioplasty (no stent)’, ‘contgient S’, ‘stent with thinner

struts $’ and ‘stent with fewer struts ;5 (parameters are according to Table 3). The
indicators characterize the stent contact forces, thecedarterial stresses and the

gain of lumen area, respectively.
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Table 1: Experimental results obtained during and afteirtfiation and deflation of six com-
mercially available balloon-expandable stent systems [Qurst opening pressugg
(in bar) for the central segments of each stent, the maximaloesg for the dog-boning
DB,..x and the foreshortenings,,.,, according to[(ll) and_{3), and the elastic recoil
RE (in percent), according t@](2), are given.

‘ pﬁ(bar) ‘ DBmax (') ‘ Fsmax (') ‘ RE (%) ‘

| Product
Express Vascular LD|  2.90
Express Vascular SD|  4.35
Palmaz Genesis 3.30
Genesis Opti Pro 3.66
Bridge Assurant 2.39
Racer 3.32

0.73
0.67
0.54
0.62
0.65
0.52

—0.06
—0.14
—0.04
—0.10
—0.05
+0.02

1.5
1.1
3.8
0.1
4.5
5.1

Table 2: Material and structural parameters of differesdue types, describing the anisotropic
response of an atherosclerotic iliac lesion of type V. Dakan from Holzapfel et a}?

| Tissue | nKkPa) | ki (kPa) | ko () | a(®) |
Adventitia (A) 1.75 65.6 61.8 | +£49.0
Media (M) 15.0 4.0 2.3 +7.0
Intima (1) 78.9 23.7 26.3 0.0
Lipid Pool (I-Ip) 0.1 0.0 — —

Table 3: Values of the geometric parameters of the threeréifit stent designs used in the
simulations of balloon angioplasty with stenting. The eaddi the diameteb is given

in Fig.[8.

Stent configurations| s; (mm) lst (mm)
S, (control stent) 0.14 7D /15
S, (thinner struts) 0.10 7D /15
S; (fewer struts) 0.14 mD/7




