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Abstract—A methodology is proposed that identifies optimal
stent devices for specific clinical criteria. It enables to predict
the effect of stent designs on the mechanical environment of
stenotic arteries. In particular, we present a numerical study
which is based on the interaction of a vascular stent with a
patient-specific, atherosclerotic human iliac lesion of type V.
The stress evolution in four different tissue components
during and after stenting is investigated. The geometric
model of the artery is obtained through MRI, while
anisotropic material models are applied to describe the
behavior of tissues at finite strains. In order to model the
observed fissuring and dissection of the plaque under
dilation, the undeformed configuration of the arterial wall
incorporates two initial tears. The 3D balloon-stent-artery
interaction problem is modeled by means of a contact
algorithm, which is based on a C>-continuous surface
parametrization, hence avoiding numerical instabilities of
standard facet-based techniques. In the simulations three
different stent designs are studied. The performance of each
stent is characterized by scalar quantities relating to stress
changes in the artery, contact forces, and changes in lumen
area after stenting. The study concludes by suggesting two
optimal stent designs for two different clinically relevant
parameters.

Keywords—Atherosclerosis, Balloon angioplasty, Contact,
Finite element method, Mechanical stress, Modeling, MRI,
Stent.

INTRODUCTION

Balloon angioplasty with stenting is a well estab-
lished and effective vascular reconstructive procedure
aiming to reduce the severity of atherosclerotic steno-
sis, one of the most frequent form of cardiovascular
diseases. Its popularity arises due to its less invasive
nature (compared to surgical alternatives) and better
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clinical outcome (compared to balloon angioplasty
without stenting”-*%).

Despite the constantly increasing success rate of
stenting through technological progresses in stent de-
sign and drug coatings on the stents’ surface,* the
procedure can still fail because of in-stent restenosis
which occurs in 30-60% of patients with complex
lesions.® Restenosis is a mechanobiological process
characterized by stress-induced growth, such as neo-
intimal hyperplasia. In more detail, the focal vascular
trauma imposed by the struts of the stent, the stress
and strain environments around the expanded stent,
and the existence of a foreign material in the injured
artery may trigger molecular mechanisms, leading to
inflammation, granulation, and extracellular matrix
production.*>**** These processes may lead to reclo-
sure of the blood vessel, which results in the need for
further interventions.

Balloon angioplasty with stenting is a procedure of
mainly mechanical characteristics. It is, therefore,
understandable that its outcome depends on the design
parameters defining the mechanics of the stent such as
the material and the geometry of stent cells and struts.
This is supported by recent clinical studies,?'*! which
identified the stents’ geometric characteristics as one of
the major elements for reducing or increasing the risk
of restenosis. Toward this direction, numerical tools
such as the finite element method have been recently
applied in order to investigate the biomechanical
implications of vascular stenting and to provide opti-
mal configurations of medical devices.

A literature survey on the recently published
numerical attempts to model atherosclerotic lesions
revealed that, still in the majority of computational
models developed in recent years, the non-diseased
arterial wall and the plaque are frequently modeled as
a homogeneous and single-layer structure.™*>*° In
addition, several models assume the arterial tissue to
be isotropic, which do not reflect the experimentally
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observed cylindrically orthotropic behavior of non-
diseased 111433344398 5104 diseased'®!® vascular tis-
sues. It seems also that only a few studies have
considered three-dimensional (3D) geometries.'®!7-*
Although simplified approaches have contributed to
the current level of understanding of angioplasty
mechanics, there is a need to model the actual 3D
morphology and the related mechanics in a more
realistic way and on a patient-specific basis. To the best
of the authors’ knowledge, the study by Liang et al.*®
was the first to incorporate the balloon in a simulation
considering a stent, however, simplified, cylindrical
geometries were considered. A detailed approach
seems to be the one documented by Holzapfel er al.,'®
where the accounted arterial geometry consisted of
eight different tissue models, obtained through high-
resolution magnetic resonance imaging (hrMRI), while
anisotropic material models were applied to describe
the behavior of tissues at finite strains. As in the pre-
viously mentioned attempts, the contact interaction of
the balloon catheter was not modeled. In addition, the
used finite element meshes and the geometric repre-
sentation of the arterial wall were not particularly fine.

The present work is a step towards improving the
numerical modeling of balloon angioplasty with
stenting by taking the interaction of vascular stents
with human atherosclerotic lesions into account.
Three-dimensional morphological data of a type V
atherosclerotic lesion®’ of an iliac artery are consid-
ered. The arterial wall is modeled as a non-homoge-
neous solid, consisting of four different tissue
components. The applied constitutive models are able
to capture the nonlinear, anisotropic behavior of
arterial tissues. A vascular stent, received from a stent-
producing company, is parameterized. In addition, two
modified geometric designs are generated. A cylindri-
cally orthotropic model is used in order to describe the
anisotropic behavior of balloon catheters under inter-
nal pressure load. Balloon angioplasty with stenting
is numerically performed by solving the balloon-
stent-artery interaction as a 3D contact problem. For
this purpose, a C>-continuous surface description is
applied, which prevents numerical instabilities arising
from non-smooth body discretization.”**® The pro-
posed computational model also attempts to provide a
deeper insight into the dominating effect of plaque
fissuring and dissection during stenting.>?”-** This is
performed by introducing two (small) initial cracks
near the edges of the plaque.

The study results in the identification of changes in
the mechanical environment of the artery during and
after stenting, when the three different stent designs are
used. Particular emphasis is placed on the generated
stress fields of the four arterial tissues. The perfor-
mance of the different stents is quantified by means of

three scalar indicators.'® These indicators characterize
the lumen gain and the arterial injury imposed by the
stents. Therefore, they may be helpful in finding the
optimal stent design for the particular stenosis and for
specific optimization criteria.

The manuscript is organized as follows: we start by
providing details on the geometric and material mod-
eling of the arterial wall, the balloon, and the consid-
ered stents. We place particular emphasis on the finite
element model of the 3D problem of stenting. The
contact of the involved bodies, the discretization,
the loading procedure, and the three indicators of the
stent—artery interaction are described. Next, we dem-
onstrate the most important findings of the performed
numerical simulations and compare the outcome of
the stenting procedure for the different stent designs.
Finally, we summarize the presented numerical model
and discuss its features and limitations.

GEOMETRIC AND MATERIAL MODELING

This section provides the geometric and material
modeling aspects of the vessel wall and the involved
medical devices, i.e., the balloon catheter and the stent.
The section starts by the description of the 3D arterial
model based on image data, and introduces the
adopted continuum formulation, which is able to
incorporate the nonlinearity and anisotropy inherent
in human tissues. Next, account of a stent model,
based on a currently used product, is given and finally
a cylindrically orthotropic material model is presented
in order to describe the deformation of angioplasty
balloons under internal pressure.

Arterial Model

In the present numerical study, a detailed geometric
and physical model of an atherosclerotic-prone human
external iliac artery (65 years, female) is considered.
The regarded lesion is of type V, according to the
classification proposed by Stary.?” This type of stenosis
is characterized by prominent new fibrous connective
tissue and a lipid core. The 3D geometry of the arterial
wall architecture was traced by means of hrMRI and
reconstructed by non-uniform rational B-splines
(NURBS), as can be seen in Fig. I(I). A detailed
description of the procedure and the associated histo-
logical analyses, required to identify the underlying
tissue types, is provided in Auer ef al.?> and Holzapfel
et al."> The identification of the 3D tissue structure is
regarded as an important aspect of the documented
attempt, and it is a necessary prerequisite of meaningful
simulations of balloon angioplasty with stenting.
According to the classification proposed by Holzapfel
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(1)

FIGURE 1. (I) 3D geometric model of a stenotic human iliac artery obtained from hrMRI and reconstructed by means of NURBS. (Il)
Extracted arterial slice with length /, = 1.4 mm, composed by four arterial tissues: adventitia (A), media (M), intima (), and lipid pool

(I-1p). The introduced initial tears (ITs) are also indicated.

et al.,” seven different tissue types are identified in the
atherosclerotic arterial wall: adventitia (A), non-
diseased media (M-nos), non-diseased intima (I-nos),
fibrous cap (I-fc), fibrous intima at the medial border
(I-fm), lipid pool (I-Ip), and fibrous media (M-f). For
the purpose of this study, M-nos and M-f are combined
to one tissue component referred to as ‘media’ (M), and
I-nos, I-fc, and I-fm are combined to another compo-
nent referred to as ‘intima’ (I). The consideration of all
seven arterial tissues would require detailed informa-
tion about the anisotropy of each individual tissue, as
discussed later in this section. From the complete
arterial wall a section with length /, = 1.4 mm (which
is also the smallest cell length of the stent) is considered,
which incorporates four tissue types (see Fig. 1).
Balloon angioplasty and stenting frequently lead to
fissuring and dissection of the atherosclerotic plaque,’
which is thought to be one of the main mechanisms of
lumen gain obtained through this procedure. A reliable
prediction of the stress field of the stented arterial wall
requires the incorporation of these effects. However,
the present work does not investigate the fissuring and
dissection from a fracture mechanics point of view,
as performed recently by, for example, Gasser and
Holzapfel.® Instead two initial tears (ITs) are intro-
duced into the intima. A similar approach is published
by Gasser and Holzapfel.” The initial cracks are placed
at the edges of the plaque (the plaque shoulder) be-
cause experimental studies indicate these locations as
the most prominent ones to plaque rupture.”’** The
arterial slice described above is depicted in Fig. 1(II).
The choice of the constitutive response used for
the involved tissue components is of fundamental
importance for the reliable prediction of the evolution
of stresses and strains during stenting. For the deter-
mination of the passive, quasi-static mechanical

properties of the individual tissue components,
mechanical tests were performed on a computer-con-
trolled, screw-driven, high-precision tensile machine.
Rectangular stripe samples with axial and circumfer-
ential orientations were excised and stretched far be-
yond their physiological loading domain in order to
capture the range of deformations induced by the
stent. The lipid pool did not allow tensile testing due to
its fluid-like consistency. A detailed description of the
performed mechanical tests is documented in the
study.'?

Arterial tissues are anisotropic, heterogeneous,
highly deformable, (nearly) incompressible and show a
pseudo-elastic behavior.'® Following the work,'? it is
assumed that each tissue component is reinforced by
two families of collagen fibers embedded in an isotro-
pic ground matrix. This reinforcement renders the
material properties anisotropic. The fibers’ (mean)
preferred directions are represented by two unit vec-
tors, say ag; and ag. The isochoric part ¥ of the
strain-energy stored in the non-collageneous and
collageneous components is given by'?

W :¢(71774776) = ﬂ(71 - 3)
+%Z{exp[k2(7i_1)2}_1}, (1)

i=4.6

where I; = trC is the first invariant of the modified
Cauchy—Green tensor C=J723¢" and
I, =C:ay ®ag and Iy =C :apn ®ayp are two in-
variants. The material parameters ¢ and k; have
dimensions of stress, while k, is a dimensionless
parameter. The first part of Eq. (1) models the con-
tribution of the non-collageneous ground matrix, while
the second part, characterizes the energy stored in the
collagen fibers.
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The strain-energy described in Eq. (1) is used for
each of the four tissue components, but with a different
set (u, ki, k») of material parameters, and different
direction vectors (ap; and agpy) associated with the
structure. Up to now, there are unfortunately no data
available in the literature, concerning the collagen
structure of stenotic iliac arteries. In the present ap-
proach, the structural data a;; and ag, are treated
phenomenologically and are estimated from the
mechanical tests described previously. In addition, the
components of the collagen fibers’ direction vectors in
the radial direction are neglected, allowing thus the
description of ag; and agp, by an angle o, defined be-
tween the fiber reinforcement and the circumferential
direction of the individual layer. The least-square fit-
ting of the constitutive model to the anisotropic data
reported in Holzapfel et al.'” leads to the determina-
tion of the three involved material parameters (u, ki,
k») and the structural parameter o.. The obtained values
are summarized in Table 1.

Stent Models

First we considered an Express VascuLar LD™
stent with delivery system (guide wire and introducer
sheath) obtained from BosToN ScCIENTIFIC SVERIGE AB.
The detailed shape and dimensions of the undeformed
configuration of the stent, shown in Fig. 2(I), were
studied using an Olympus reflected-light microscope
with an attached digital camera.

The 3D computer model of the stent (Fig. 2(II)) is
generated by means of a parametrization algorithm.
Parametric design is a useful technique in engineering
when products are tailored fit to specific needs or
when optimization is used to generate the optimal
product design. In the present work, the developed
program, aids to the fast generation of different
configurations of the provided stent. The algorithm
makes use of a series of design parameters, describing
the stent’s morphology and dimensions. These
parameters are depicted in Fig. 2(II). In addition, the
parametrization algorithm is able to provide the finite
element mesh of the individual parameterized stent.

TABLE 1. Material and structural parameters of different
tissue types, describing the anisotropic response of an
atherosclerotic iliac lesion of type V.

Tissue u (kPa) ky (kPa) ko (-) o (°)
Adventitia (A) 1.75 65.6 61.8 +49.0
Media (M) 15.0 4.0 2.3 +7.0
Intima (1) 78.9 237 26.3 0.0
Lipid pool (I-Ip) 0.1 0.0 - -

Data taken from Holzapfel et al.”

In the simulations described below, three stent de-
signs are taken into consideration. The first is the
obtained stent from BosTon ScienTiFic SVERIGE AB
(control stent, labeled as S;, with specific dimensions
shown in Fig. 2(IIT)), while the two other designs
derive from variations of the parameters defining
the width of the struts (s,) and the wave length of the
stent’s cell (/;), see Table 2. The first variation of
the control stent, labeled as S,, has thinner struts
(more compliant structure), while the second varia-
tion labeled as S;, has approximately half of the
struts of the control stent (stiffer structure). Since
only a slice of the vessel wall is studied, only one cell
of the stent is considered.

According to the acquired data, the ExPRESS VAs-
cuLarR LD ™ stent is made of stainless steel (316L). The
material’s elastic regime is described by a neo-Hookean
model, while its inelastic response is described by a von
Mises—Hill plasticity model with linear hardening. The
Young’s modulus is £ = 201 GPa and the Poisson’s
ratio is v = 0.3. The yield stress ¢, is chosen equal to
300 MPa and the hardening modulus Hj, is equal to
2 GPa.

Balloon Catheter Model

Although the initial form of balloon catheters is S-
or Z-shaped, the undeformed configuration of the
balloon is modeled as a circular cylinder. The outer
diameter of the cylindrical balloon is Dy, = 2.2 mm,
the thickness H, = 0.2 mm and the length 4, = 2.0
mm.

The inflation of balloon catheters is characterized by
complex kinematics. Initially, the unfolding of the
balloon takes place under low internal pressure. Fur-
ther increase of the pressure, leads to a continuously
increasing diameter, while the catheter retains axially
its cylindrical shape. After a specific load, depending
on the balloon’s mechanical and geometric properties,
the balloon exposes rapidly a nonlinear, stiffening
behavior. In order to account for the described effects,
a cylindrically orthotropic model, based on fiber-
reinforced materials’ theory, was developed.*” Briefly,
two material axes with different mechanical properties
are introduced, oriented in the axial and circumferen-
tial directions. Circumferentially, the balloon is very
soft initially but particularly stiff after a predefined
stretch limit, provided by the stent manufacturer. In
the longitudinal direction the balloon is assumed to be
already stiff at its reference direction, hence the axial
stretch limit is about 1. The introduction of this arti-
ficial material allows the imitation of the typical
characteristics of balloon catheters.”” Note that this
peculiar mechanical response could not be obtained by
means of isotropic material models.
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the stent’s sinusoidal-structured cells. (I) 3D geometric model of the stent, obtained by a parametrization algorithm that makes use
of the shown design parameters. (lll) Dimensions of the obtained stent.

TABLE 2. Values of the geometric parameters of the three
different stent designs used in the simulations of balloon
angioplasty with stenting.

Stent configurations Sy (mm) Ist (mm)
S (control stent) 0.14 n DI15
S, (thinner struts) 0.10 n DI15
S; (fewer struts) 0.14 n DI7

The value of the diameter D is given in Fig. 2.
NUMERICAL SIMULATIONS

This section summarizes the developed finite ele-
ment model of balloon angioplasty with stenting,
including the modeling of the contact interactions be-
tween the balloon, the stent, and the arterial wall. The
generation of the computational grid is thoroughly
described, and the chosen boundary conditions along
with the loading procedure are given. Finally, three
indicators able to characterize the stent—artery inter-
action are discussed in detail.

Contact Modeling

For the finite element simulation of contact prob-
lems concerning finite deformation, large sliding and
arbitrarily curved contact surfaces, standard facet-
based contact algorithms may lead to numerical prob-

lems. In particular, oscillation of contact forces, non-
realistic pressure jumps and finally loss of quadratic
convergence are observed, which arise from the sliding
of nodes over facets’ boundaries, where jumps of the
normal vector are experienced.*” Therefore, the 3D
numerical modeling of contact interactions during
balloon angioplasty with stenting requires an advanced
and robust contact approach. To address the problem
mentioned above, and to successfully simulate the
contact interactions between the medical devices and
the arterial wall, the algorithm based on C*-continuous
uniform cubic B-spline surfaces documented in Kiousis
et al?* and implemented into the multipurpose finite
element analysis program FEAP,* is adopted.

In more detail, the involved contact pairs in the
simulation are: (i) stent—balloon; (ii) stent—artery; and
(ii1) balloon—artery. The first body in all pairs is con-
sidered as the contractor (slave) body, while the second
as the target (master) body. Following the node-to-
surface contact approach, the surfaces of the contrac-
tors are described by their superficial finite element
nodes x°. The target surfaces are described by cubic
B-spline surfaces S™.

A uniform cubic B-spline is obtained by taking a
bidirectional mesh of 4 x4 control points P;j,
i,j=1,...,4, and the products of the univariate cubic
basis functions™
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Bi(f) = (1 =3t + 3> - 1) /6,
By(1) = (4 — 6> +31%) /6,
2 ap (2)
B3(t) = (1 +3t+ 317 —31)/6,
By(t) = £/6.

Thus, the mathematical representation of the uniform
cubic B-spline surfaces is

S(Ll, V) = Z ZB,‘(M)B_,‘(V)P,"/, 0 S u,v S 1, (3)

i=1 j=1

where u and v are convective coordinates, and the
parameter ¢ in Eq. (2) stands for either u or v. For
illustrative reasons, Fig. 3 is given to show the geo-
metrical situation. In Fig. 3(I) an example of a 4 x 4
control mesh and its corresponding uniform cubic B-
spline surfaces is shown (plotted in MATHEMATICA®).
In Fig. 3(II) two overlapping control polyhedrons and
two adjacent uniform cubic B-spline surfaces (S; and
S,) are illustrated. The C*-continuous border between
the two surfaces is also indicated.

In the presented method, the required structured
meshes of control points (noted above as P;;) for the
parametrization of the contact surfaces are generated
by the finite element nodes located on the target sur-
faces. This approach yields a robust interface between
the smooth surface and the continuum body. Follow-
ing the penalty method as the regularization technique
for the inequality variational principle of the contact
conditions,’** a gap function gy is defined for each
contact pair as

o= (X = X™) )
where x™ is the orthogonal projection of the con-
tractor node x* on the target surface S™, and n™ is the

outward unit normal vector at x™. Here x™ is the
solution of a minimum distance problem, which leads

I) Py

Py

to a local Newton iteration for the present problem.
From Fig. 3(II) it is obvious that as a contractor node
slides over the boundaries of the B-spline target sur-
faces (e.g., from S; to S,), the normal vector n™
changes smoothly. This is not the case, when first-order
facets are used to represent the target surfaces.

The gap function gy defines the state of contact, and
together with the penalty stiffness it quantifies the
contact contribution JWe . to the external virtual
work, which is given by

5Wext,c:/ZN5gNsza (5)
i

where 7y is the normal contact force and I'; the contact
surface boundary. The residual vector and the stiffness
matrix for the finite element implementation of the
model are computed by applying the MATHEMATICA
package AceGEN.>* To this end, several novel tech-
niques such as automatic differentiation and stochastic
evaluation of formulas are used. For a detailed
description of the developed contact algorithm, the
reader is referred to the work by Kiousis et al.*

It is worth mentioning, that the employed formu-
lation allows the incorporation of frictional contact.
Nevertheless, the simulations are carried out without
friction since reliable coefficients describing the fric-
tional behavior between the intimal surface, the bal-
loon catheter, and the stent are not yet available.

Finite Element Discretizations

The 3D geometric models of the four arterial tissues
are separately discretized by application of the com-
mercial mesh generation toolkit CUBIT.*' Approxi-
mately 3500 eight-node hexahedral elements are
generated in total, and the mixed finite element for-
mulation, as implemented in FEAP, is applied. This

(IT)

+ O®-continuous border

FIGURE 3. (I) A 4 x 4 mesh with control points P;;,i.j=1,...,4, and its corresponding uniform cubic B-spline surface. (ll) Two
overlapping control meshes and two adjacent B-spline surfaces with C3-continuous borders.
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approach provides an efficient and proper description
of the incompressible deformation of arterial tissues.
The meshes are generated with matching nodes on the
tissue interfaces, and hence no special algorithmic
treatment is required to link them. The generated mesh
of the intima also satisfies the requirement of the
discussed contact algorithm, i.e., structured quadrilat-
eral facets on the contact surface. The same type of
volume elements is chosen for the discretization of the
balloon catheter, where 288 elements are generated.
Finally, the structure of the stent implies the use of
two-node, large displacement, large rotation 3D frame
elements.' The choice of frame elements over hexa-
hedral elements also leads to less computationally
expensive simulations, an important aspect when
complex contact problems are to be analyzed.

Boundary Conditions

Experience obtained through experimental investi-
gations showed that, in contrast to healthy arteries,
highly stenotic human vessels show very little or no
axial in situ pre-stretch, approximately equal to 1 (a
value of 1.03 is reported in Holzapfel er al.'®). Hence,
no axial forces or displacements are applied to the
artery. The top and bottom faces of the considered
artery section are fixed in the axial direction (plane
strain condition). The load-free configuration of the
arterial wall (shown in Fig. 1(II)) is also considered
stress free, and hence residual strains (stresses) are
neglected. Even though the algorithmic concept for the
incorporation of residual stresses exists,” the lack of
experimental data in atherosclerotic lesions makes
their consideration not possible in this work. Next, a
small value of stiffness is given to each node of the
artery. This restricts the rigid motion of the artery. To
obtain an almost concentric expansion of the balloon
catheter, its nodes located on two orthogonal axial
planes are bounded in the circumferential direction. As
far as the stent is concerned, the axial displacements
are fixed for all the nodes on its midplane, thus,
restricting its rigid motion.

Loading Procedure

The reference diameter of the chosen catheter and
stent is bigger than the diameter of the lumen of the
stenotic vessel under investigation. Hence, the unde-
formed balloon and stent are placed in the lumen with
penetration. Next, the penalty parameter which en-
forces the contact constraint is gradually increased in a
few load steps. Thus, the penetration is reduced and
the contact between the medical devices and the inner
arterial wall is established in a numerically stable way.
The expansion of the balloon catheter follows. This is

performed by follower pressure loads which are ap-
plied on the inner surface of the balloon. As the bal-
loon expands, it comes into contact with the stent and
the artery. Further increase of the inner balloon pres-
sure leads to the expansion of the three bodies. When
the outer diameter of the balloon reaches a desired
value, the balloon contact penalty parameter is grad-
ually decreased, simulating the balloon -catheter’s
deflation, and only the plastically deformed stent re-
mains in contact with the inner surface of the vessel.

Indicators for the Outcome of Angioplasty

Local stress distributions within the specimen dur-
ing balloon angioplasty and stenting are undoubtedly
an important measure to illustrate the changes in the
mechanical environment of the vessel wall caused by a
particular stent. Nevertheless, if criteria are based on a
set of scalar quantities and linked to mechanical
measures such as contact forces and stresses, then they
could provide a faster and more comprehensive and
reliable judgment of the stent—stenosis interaction. The
idea to introduce scalar indicators, characterizing the
mechanical field of the arterial wall and the lumen
change after stenting, was initially proposed in Hol-
zapfel et al.,'® while also applied in Bedoya et al.®> and
Kiousis et al.?® In order to compare the three different
stent designs, the same approach is adopted here.

The first introduced indicator characterizes the
contact force applied on the intimal surface from the
stent’s struts. This is an important measure, since ele-
vated contact pressure in the vicinity of the stent struts
may lead to injury of the endothelial and medial
smooth muscle cells, which may increase the neointi-
mal hyperplasia formation.® The indicator of the
normalized contact forces at the intimal surface caused
by the stent struts is denoted by D;, and expressed as

n

Fi pos
Dl :Z}Lla (6)

i=1

where 74 is the total number of nodes of the stent cell
and F; o is the norm of the contact force at each stent
node after stenting, given by

N 1/2
Fi,post = (Zﬁ) ) (7)
=1

where f; are the reaction force components at the
node i, and /. is the total length of the considered
stent cell. The indicator D; can also be used as a
measure for prolapse, hence as a measure for the
deflection of tissue between the struts. Prolapse, de-
pends strongly on the artery’s (material) composition,
the contact forces and the spacing between the stent
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struts, thus it can be linked to D;. In addition, pro-
lapse provides an important insight on the effective-
ness of stenting since clinical studies relate it with the
appearance of restenosis.”’

As aforementioned, a critical factor that drives
restenosis is the long-term change of stresses within the
arterial wall after the performance of the interventional
treatment. High stresses induced by the stent may be
responsible for the triggering of growth mechanisms
and finally may lead to restenosis.** Therefore, a sec-
ond indicator D, is used, able to quantify stress
changes in the arterial wall. This indicator is defined

as]é

ny
Z AO’,’Q,’
i=1
Dy = n‘l/iv AG; = Gipost — Gimar-  (8)
> 6imarQ;
i=1
In the above equation, n, denotes the number of the
arterial volume elements and Q; the volume of the ele-
ment i, which is used as a weighting factor. Next, 6, post
and o; map are the maximum (principal Cauchy) stress
in the element 7 after stenting and under mean arterial
pressure, respectively.

The last indicator, denoted by LG (Lumen Gain),
corresponds to the lumen change due to stenting. The
lumen gain LG is defined as'®

LG = ot _ 1, (9)
Amap
where Ayap 1s the smallest inner cross-section of the
artery before angioplasty and stenting, and A, is the
cross-section at the same location as Ayap after
angioplasty and stenting.

RESULTS

In the following section, the most illustrious results
of the performed numerical simulations are provided.
In particular, the stenting-induced stress fields of the
arterial tissues are studied and the performance of the
considered stent designs is analyzed using scalar indi-
cators.

Predicted Stress Fields

The first of the performed simulations concerns the
atherosclerotic lesion under internal pressure load. The
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FIGURE 4. Deformed configuration and distribution of the maximum (principal Cauchy) stresses in the arterial tissues (intima,
media, adventitia) of an atherosclerotic human iliac artery at different load states: (I) mean arterial pressure (pyap = 13.3 kPa), no
initial tears present; (Il) balloon angioplasty without stenting; (lll) balloon and stent inflation (up to dy , = 4.5 mm); and (IV) after
deflation of the balloon catheter (only the stent remains in contact with the arterial wall). The lipid pool is not shown.
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chosen load is the mean arterial pressure, i.e., taken to
be pmap = 13.3 kPa. Note that in this case no initial
tears are incorporated since tissue dissection and fis-
suring are considered to take place at loadings which
occur during balloon angioplasty. The stress field in
this case is illustrated in Fig. 4(I). The maximum
(principal Cauchy) stresses are given in kPa and are
shown for the intima, media, and adventitia. As can be
seen in Fig. 4(I), the innermost layer of the lesion is the
main load carrier of the structure. This is analogous to
inflated thick-wall tubes, where the stress concentra-
tion is located at the inner part of the wall. The de-
formed state, as shown in Fig. 4(I), is regarded as the
pre-stenting reference state, indicated by (@)yap.

Next, the (small) initial cracks at the intima are
considered and the deformed configuration and stress
distribution in the arterial tissues under the same
loading conditions are studied (Fig. 4(1I)). As previ-
ously mentioned, the role of the tears is to incorporate
fissuring and dissection of the arterial tissues, which
occur during angioplasty interventions.>”*° The
above simulation aims to model the procedure of
balloon angioplasty without stenting. The evolution of
the crack tips due to the internal pressure is visible in
Fig. 4(II).

The following step is concerned with the numerical
modeling of stenting with reference to the unde-
formed configuration of the stenotic lesion including
the two initial tears. The three different stent designs,
as introduced within the section ‘Stent Models,” are
used for this purpose. Figures 4(III) and 4(IV) show
the deformed shapes and the resulting stress fields at
full balloon inflation and after deflation of the bal-
loon catheter, respectively. Thereby the model of the
‘original’ (control) Express VascuLar LD™ stent is
used. In all cases the balloon is inflated until its outer
diameter reaches the value d,, = 4.5 mm, which
corresponds to an approximate balloon internal
pressure of p, = 8 bar. Then, the balloon is removed
and only the stent remains in contact with the arterial
wall. The slightly smaller lumen area, as shown in
Fig. 4(1V), with respect to Fig. 4(III), reveals the re-
coil of the elastoplastic stent. As can be seen in the
Figs. 4(II-1V), the tear of the intima and its dissection
from the media, lead to a different stress field (when
compared to the condition depicted in Fig. 4(1)). In
the case of balloon angioplasty without and with
stenting, the intact intima continues to carry the main
part of the load, but the stresses in the adventitia and
media increase during and after stenting (especially
behind and at the tips of the dissections). In partic-
ular, a value of approximately 500 kPa is obtained
at both tips at full balloon inflation (Fig. 4(III)).
According to Holzapfel et al.,'” human atheroscle-
rotic plaques of iliac arteries rupture at a stress level

similar to that computed here, which additionally
justifies the incorporation of the (small) initial cracks.
It is interesting to observe that in the diseased part of
the intima a stress-shield in form of an arc is present.
The acquired results also point out that the lipid pool
is under a low compressive hydrostatic pressure. The
obtained deformed shapes and stress fields, as illus-
trated in Fig. 4(IV), qualitatively and quantitatively
agree with the outcome of a recent study,® where
plaque fissuring and dissection during angioplasty
were modeled by means of a fracture propagation
algorithm based on cohesive zones. However, therein,
no stent is used and the analysis does not address
contact interactions. Note that for all considered
cases the highest stresses were obtained at the intro-
duced crack tip.

Comparison of Different Stent Designs

At the end of the performed simulations of balloon
angioplasty without and with stenting using the three
stent designs, the aforementioned indicators D, D,,
LG are computed for each case. The obtained values
are then normalized (from 0 to 1) according to

— ind — ind

d= 1
in “nd, (10)

indpax
where ‘ind’ stands for the indicator D, D5, and LG.

The quantities ind,,,x and ind,;, refer to the maxi-
mum and minimum values of the related indicator with
respect to the four cases, i.e., ‘balloon angioplasty (no
stent),” ‘control stent S;,” ‘stent with thinner struts S,.’
and ‘stent with fewer struts S;.” From Eq. (10), it is
obvious that ind = 0 corresponds to the minimum
value of the indicator ind and ind = 1 to the maximum
value. The normalized indicators Dy, D,, LG for each
simulation are plotted in Fig. 5.

As expected, the lowest lumen gain is obtained for
the case of balloon angioplasty, where no scaffold is
present to keep the elastic artery open (LG = 18% due
to the tears which weaken the structure). Obviously,
for this case D; = 0 since no stent is present. The
maximum values for LG are acquired when the control
stent S; (LG = 48%) and the stent with the fewer
struts S; (LG = 47%) are used. These two stent de-
signs also lead to the highest values for the indicator
D,, which characterizes (arterial) stress changes.

Generally, Fig. 5 reveals a strong correlation be-
tween the indicators LG and D,. In other words, the
induced stresses in the arterial tissues highly depend on
the final dilated state of the artery. Among the three
stents, the thinner and more compliant stent S, results
to the lowest values for all three indicators (LG =
42%). A comparison between the stents S; and S,
indicates that by reducing the thickness of the struts by
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FIGURE 5. Normalized values of the indicators Dy, D,, LG
obtained from the performed simulations. The indicators
characterize the stent contact forces, the induced arterial
stresses and the gain of lumen area, respectively.

40%, the achieved lumen gain (LG), the contact forces
(D;), and the (arterial) stress changes (D») reduce by
approximately 25%. Remarkably, as can be seen in
Fig. 5, stent S; shows the highest D; value, hence it
generates the highest contact forces on the intimal
surface, while at the same time, exhibits comparable
values for the indicators D, and LG (1% difference) to
the control stent S;, as previously mentioned. This
arises from the geometric characteristics of stent Sj,
since a stent with fewer struts on its periphery is
structurally stiffer than a stent with more struts and the
same thickness. In the case of S; a bigger prolapse
value is also expected due to the larger distance be-
tween the struts.

It is clear that the above indicators stand for com-
peting interests. An optimal treatment or stent design
should, from a clinical point of view, lead to suffi-
ciently enlarged lumen area (large LG values). At the
same time, it should not induce unnecessary arterial
trauma, or in other words, should minimize the
changes in stresses of the arterial wall and should not
apply high contact forces on the intimal surface (small
D; and D, values). The importance of each indicator
for an optimization procedure depends on the specific
patient and the related patient history.

The results of the simulations performed in this work
suggest that the control stent S; leads to the most
promising results in terms of lumen gain. The same LG
can also be accomplished by the use of stent S;. How-
ever, S3 results in more significant changes in the
mechanical environment of the arterial wall expressed
through D;. Consequently, S; produces more local

damage of the intimal surface due to contact forces, for
the same outcome. In the case where a stent design that
minimizes arterial damage is more preferable over a
stent that maximizes lumen gain, the thinner and more
compliant stent S, is the most appropriate device among
the other two. Stent S, leads to lower values of the
indicators D; and D,. Accepting that these scalar
measures are linked to arterial tissue damage one may
assume that stent S, is, consequently, less prone to
restenosis. This result is comparable with the outcome of
clinical studies,”"*" which identified that thinner struts
elicit less angiographic restenosis than thicker struts.

DISCUSSION AND CONCLUSION

A detailed computational model of the arterial wall,
the medical devices and their contact interaction is of
pressing need and of outmost importance for a deeper
understanding of the vessel response under supra-
physiological loading as occurring during and after
stent placement. The availability of a comprehensive
model is also important for the optimization of stent
structures, and, therefore, of the interventional proce-
dure which often fails due to biological reactions such
as restenosis.

In the present work a methodology was proposed
that identifies ‘optimal’ stent devices. In particular, we
presented a numerical framework able to identify the
changes in the mechanical environment of atheroscle-
rotic human lesions that occur due to the interaction
with vascular stents. We started by discussing the dif-
ferent important modeling aspects of balloon angio-
plasty with stenting. We analyzed a stenotic iliac artery
and modeled it as a solid continuum composed of four
types of tissues (adventitia, media, intima, lipid pool).
Despite taking into consideration the inhomogeneity
of atherosclerotic lesions, several of the identified
arterial tissues with different mechanical properties
were combined. In a refined attempt the atherosclerotic
patient-specific lesion should be analyzed by using
more tissue types. The nonlinear elastic response of
each tissue was described by a neo-Hookean material
relating to the non-collageneous matrix, in addition to
an anisotropic free-energy function, which described
the response of the collagen fibers.'? The different sets
of material and structural parameters for each tissue
were identified by means of in vitro uniaxial tensile
tests.'” Residual stresses were not incorporated into
the model due to the lack of experimental data on
atherosclerotic human iliac arteries. In order to ac-
count for the important inelastic effects of the artery at
finite deformations such as plaque fissuring and dissi-
pation, two initial tears were introduced into its
load-free configuration at locations prone to crack
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initiation. In addition, the nonlinear, anisotropic
mechanical response of the balloon catheter was
described by a cylindrically orthotropic model, origi-
nally introduced by Kiousis et a/.>> From an industrial
partner, the Express VascuLar LD™ iliac stent was
acquired and a software tool was developed that al-
lowed the generation of the computer model based on
a number of geometric parameters. By application of
the same parametrization tool, two more stent designs
were obtained, one with thinner struts and one with
fewer struts.

The interaction between the medical devices (bal-
loon and stent) and the inner arterial wall was solved
as a 3D contact problem. To this end, the robust
contact approach documented in Kiousis e al.** was
adopted. Each target surface was described by means
of C*-continuous uniform cubic B-spline surfaces, thus
avoiding jumps of the normal vectors that would occur
during sliding of contacting nodes over linear facet-
based discretized surfaces. The nonlinearities arising
from the contact interactions and the selected material
models lead to computationally expensive simulations.
Therefore, in this study only a 3D section of the arte-
rial wall and a stent cell were considered. In order to
keep the computational costs as low as possible the
smallest cell length (/, = 1.4 mm) was used.

One simulation of balloon angioplasty without stent
and three simulations of stenting with the aforemen-
tioned different stent designs were performed. All
computations showed that the incorporation of the
tears at the intima led to a different (principal Cauchy)
stress environment in the stenosis. In particular, in that
case, the mechanical load was carried by the intima,
the non-diseased media, and the adventitia. However,
the highest stresses were reported at the vicinity of the
tears, hence the induced trauma due to stenting re-
mained localized at the dissection site rather than
spreading over the lesion, which is in accordance with
the recent study.® It should be noted that the used
boundary conditions of the two planar arterial faces
affect the stresses in the axial direction. However, after
artery dilation the axial stresses are considerably
smaller than the circumferential or radial ones, and,
therefore, do not particularly influence the study’s
conclusions. In addition, the artery pressure load
during and after stenting was not taken into account
since the stresses induced by the stent struts are con-
sidered to be much higher than those due to blood
pressure. However, in order to study the mechanics of
the artery after angioplasty more carefully a refined
model should consider the blood pressure.

Next, scalar indicators were defined that allow a
judgment on the performance of the used stents and of
their interactions with the specific atherosclerotic le-
sion. These indicators (D, D,, LG) are measures of the

contact forces applied from the stent to the intimal
surface, of the changes of the mechanical stresses in the
individual tissues and of the achieved lumen gain. The
results revealed a strong correlation between the lumen
gain and the induced stress level. Among the different
stent configurations, S; and S; showed comparable
values of the indicators D, and LG. Nevertheless, the
stent S; led to higher values of the contact forces (D),
being thus possibly a less favorable option for clini-
cians than the control stent S;. Finally, the described
method indicated that a choice for the most appro-
priate stent strongly depends on the optimization cri-
terion. In the case that less vascular trauma was
regarded as more important than higher lumen area,
the performed simulations suggested stent S, with the
thinner struts as the optimal stent for the lesion under
investigation.

Refinements on the geometric and constitutive
models have to be considered in future studies. In
particular, a larger-scale model should be studied,
considering a representative unit length (¢ + b + ¢)
of the stent (see Fig. 2) or the stent as a whole, and the
complete 3D morphology of the artery. A computa-
tional analysis on such a basis would lead to local
stress concentrations in the non-diseased intima at the
stent edges,'” depending on the lesion-morphology and
the utilized stent type. In addition, there is plenty of
room for introducing other scalar indicators, which
characterize the mechanical field of the arterial wall,
for example, stress and damage-based indicators.
Apart from the mentioned limitations, the proposed
physical and numerical models have the ability to
provide clear markers for the patient-specific choice of
the optimal stent configuration and should be consid-
ered as a further step towards computer aided stenting.
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