Journal of Biomechanics 43 (2010) 2126-2132

Contents lists available at ScienceDirect o Jonenal of .
Biomechanics

Journal of Biomechanics

journal homepage: www.elsevier.com/locate/jbiomech
www.JBiomech.com

Simulation of a balloon expandable stent in a realistic
coronary artery—Determination of the optimum modelling strategy

Houman Zahedmanesh ?, Daniel John Kelly ®, Caitriona Lally *>*

2 School of Mechanical and Manufacturing Engineering, Dublin City University, Dublin 9, Ireland
" Trinity Centre for Bioengineering, School of Engineering Trinity College Dublin, Ireland

ARTICLE INFO ABSTRACT

Article history:
Accepted 31 March 2010

Computational models of stent deployment in arteries have been widely used to shed light on various
aspects of stent design and optimisation. In this context, modelling of balloon expandable stents has
proved challenging due to the complex mechanics of balloon-stent interaction and the difficulties
involved in creating folded balloon geometries. In this study, a method to create a folded balloon model
is presented and utilised to numerically model the accurate deployment of a stent in a realistic
geometry of an atherosclerotic human coronary artery. Stent deployment is, however, commonly
modelled by applying an increasing pressure to the stent, thereby neglecting the balloon. This method is
compared to the realistic balloon expansion simulation to fully elucidate the limitations of this
procedure. The results illustrate that inclusion of a realistic balloon model is essential for accurate
modelling of stent deformation and stent stresses. An alternative balloon simulation procedure is
presented however, which overcomes many of the limitations of the applied pressure approach by
using elements which restrain the stent as the desired diameter is achieved. This study shows that
direct application of pressure to the stent inner surface may be used as an optimal modelling strategy to
estimate the stresses in the vessel wall using these restraining elements and hence offer a very efficient
alternative approach to numerically modelling stent deployment within complex arterial geometries.
The method is limited however, in that it can only predict final stresses in the stented vessel and not
those occurring during stent expansion, in which case the balloon expansion model is required.
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1. Introduction In recent years drug eluting stents, coated with anti-prolif-

erative drugs, have reduced the restenosis rate compared to bare

An estimated 652,000 percutaneous coronary interventions
involving stents deployments were performed in the United
States in 2006 to restore the blood supply to the hearts of patients
suffering from cardiovascular diseases (American Heart
Association (AHA), 2009). The majority of stents are delivered to
the pathological region in a crimped configuration mounted on a
folded balloon at the tip of a percutaneously inserted catheter and
expanded in the stenosed region by inflation of the folded balloon.
Stenting procedures have several significant advantages over
open heart surgery, in particular the fact that it is a minimally
invasive procedure, however, intimal cells can proliferate due to
the severity of the injury caused to the arterial wall by the stent
often leading to excessive neointimal hyperplasia and restenosis
of the artery (Grewe et al., 2000; Mitra and Agrawal, 2006).
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metal stents (Hara et al., 2006; Morice et al., 2002; Sousa et al.,
2005; Serruys et al., 2006). Several mechanical factors linked to
stent design and deployment have also been postulated to be
involved in the development of this pathological condition
however, which are not eliminated by such pharmaceutical
interventions (McClean and Eigler, 2002; Timmins et al., 2007).
The delivery of anti-proliferative drugs to surrounding tissue is
also significantly influenced by the stent design (Hwang et al.,
2001). Endothelial denudation and vessel wall injury during stent
deployment and alteration of the stress and strain field in the
arterial wall following stent deployment are hypothesised to be
some of the most important factors contributing to in-stent
restenosis (Kornowski et al., 1998; Mitra and Agrawal, 2006;
Schwartz et al., 1992). Therefore, optimisation of stent design to
improve mechanical performance is essential to achieve lower
restenosis rates.

Computational models of stent deployment are excellent tools
for optimisation of stent designs and can be used along with
experimental studies to improve the mechanical performance of
stents. In addition to being cost effective, computational models
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enable the stresses induced in the vessel wall to be estimated and
therefore the degree of vascular injury and such models can
therefore provide insights into the various aspects of stent design
that may reduce the risk of arterial injury.

Many numerical studies have investigated the mechanical
response of balloon expandable stents and suggested different
strategies for their simulation (Auricchio et al., 2001; Gijsen et al.,
2008; Holzapfel et al., 2005a; Lally et al., 2005; Lee et al., 1993;
Migliavacca et al., 2005, 2007; Prendergast et al., 2003; Rogers
et al., 1999; Wang et al., 2006; Zahedmanesh and Lally, 2009).
Given the difficulties involved in construction of the model
geometry and the complex contact problem involved in the
interaction of a balloon, stent, and artery, many simplified
methods have been used to model the complex mechanics of
balloon expandable stent deployment. Balloons used for stent
deployment are initially in a folded configuration and they
consequently expand in a highly non-linear fashion when
pressurised. This complex procedure of balloon unfolding is
difficult and very computationally expensive to model.

Four main strategies have been used in the literature for
numerically modelling balloon expansion of stents which include
(i) direct application of a uniform pressure to the stent luminal
surface (Dumoulin and Cochelin, 2000; De Beule et al., 2006; Early
et al., 2008; Migliavacca et al., 2005; Zahedmanesh and Lally, 2009),
(ii) rigid cylinder expansion using radial displacement (Hall and
Kasper, 2006; Takashima et al., 2007; Wu et al., 2007), (iii) a folded
balloon model (De Beule et al.,, 2008; Gervaso et al., 2008), and
(iv) pressurisation of elastic cylinders with hyperelastic material
properties (Ju et al., 2008; Kiousis et al., 2009). Gervaso et al. (2008)
compared the first three strategies and concluded that a folded
balloon model is necessary for accurate estimation of mechanical
stresses. In spite of this, the computational costs and the effort
involved in modelling folded balloons has urged many researchers
to resort to alternative strategies which disregard the balloon model.
In this context, Early et al. (2008) proposed a method of stent
expansion by direct application of a uniform pressure on the inner
stent surface in conjunction with special function elements
connected to the stent nodes that restrained stent expansion as
the desired diameter was achieved. However, no comparison with
stent deployment using folded balloons was presented to fully
support the use of this method and to elucidate its limitations.

In this study, stent deployment in a patient derived model of an
atherosclerotic human coronary artery was simulated using the
finite element method and a realistic model of a three-fold balloon.
In addition, deployment of the same stent in the artery was
simulated by direct application of uniform pressure to the inner
stent surface, both with and without utilisation of special function
restraining elements. The results from the three models, in particular
the deformations and stresses in the vessels with fully deployed
stents, were compared in an effort to investigate the optimal and
most efficient method for numerically modelling stent deployment.

2. Materials and methods

A finite element model of a patient specific atherosclerotic coronary artery and the
ACS Multi-Link RX DUET stent was constructed and the stent was expanded within the
artery using three different strategies as defined by the following case studies:

(i) A uniformly increasing pressure, to a maximum value of 16 atm, was directly
applied to the inner stent surface.

(ii) A uniformly increasing pressure was directly applied to the inner stent
surface to achieve an inner stent diameter equal to the fully expanded balloon
(3.5 mm) in conjunction with connector elements, which restrained the stent
expansion beyond this diameter. One end of these connector elements was
connected to the nodes on the stent outer surface and the other end was
connected to the ground (i.e. the initial coordinates of the same node prior to
deformation).

(iii) Expansion of the stent using a realistic three-fold balloon inflated to a
diameter of 3.5 mm using a maximum pressure of 16 atm.

To generate the simulations pertaining to each case study, the finite element
model required a number of inputs: namely the geometry of the stent, the
atherosclerotic coronary artery, and the three-fold balloon; the material properties
of the stent, artery, and balloon; the appropriate application of loading and
boundary conditions, as described later.

2.1. Model geometry

A patient derived model of an atherosclerotic human coronary artery was
constructed based on digitised 3D angiography images. The images were obtained
using a method developed and described by Messenger et al. (2001) to obtain an
accurate 3D geometry of the lumen of an atherosclerotic artery. The vessel wall
dimensions were generated based on assigning a healthy arterial wall thickness of
0.5 mm at the proximal end of the vessel, upstream from the stenosed region, by
offsetting the lumen contour by 0.5 mm. This outer diameter was then extrapolated
across the stenosed region of the vessel to define both healthy vessel wall and
atherosclerotic plaque regions. The model was subsequently meshed assigning 6
elements through the thickness of the healthy artery wall and three elements
through the plaque thickness. The vessel was divided into three layers: intima,
media, and adventitia. The thickness of each arterial layer was discretised by two
elements and each layer was assigned using ratios of adventitia, media, and intima
to the wall thickness of 0.38, 0.33, and 0.29, respectively, consistent with the data
reported by Holzapfel et al. (2005b). Eight node linear brick, reduced integration
elements with hourglass control (ABAQUS element type C3D8R) were used to mesh
the atherosclerotic coronary artery. The total number of elements used to mesh the
atherosclerotic coronary artery was 29,400, chosen based on mesh sensitivity
studies. All elements were checked to ensure that no distorted elements were
generated and element distortion control was used to prevent inaccuracies arising
from excessive distortion of elements in the contact regions.

A full three-dimensional finite element model of the stent was generated and
meshed in ANSYS based on the ACS MultiLink RX DUET manufactured by Guidant/
Advanced Cardiovascular Systems as outlined in Zahedmanesh and Lally (2009).

In order to create the geometry of the three-fold crimped balloon, the
geometry of a fully expanded balloon was generated in ProEngineer (Needham,
MA, USA) with a diameter of 3.5mm and was exported into ABAQUS
(PROVIDENCE, RI, USA). The imported geometry was meshed using 4-node doubly
curved shell elements with reduced integration and hourglass control (ABAQUS
element type S4R). The balloon was then deflated in an explicit simulation by
application of a negative pressure of 0.01 MPa on its inner surface using general
contact and with the proximal and distal ends fully constrained. Symmetry
boundary conditions were applied on the balloon nodes at every 120° on the
balloon circumference, so as to deflate the balloon into a tri-wing configuration.
The wings were folded circumferentially onto one another in a subsequent step by
application of pressure to one side of each wing while the base of each wing was
fully constrained generating a three-fold crimped balloon configuration, see Fig. 1.

2.2. Material properties

Layer specific human coronary arterial wall properties were assigned to the
artery, consisting of the intima, media and adventitia and human atherosclerotic
plaque as previously published in Zahedmanesh and Lally (2009).

The stress—strain response of the stent was applied based on data from
Murphy et al. (2003) for 316 L stainless steel stent struts as previously defined in
Zahedmanesh and Lally (2009).

The balloon was modelled as an isotropic, linear-elastic material, with a
Young’s modulus of 900 MPa and Poisson’s ratio of 0.3 based on the data published
by Gervaso et al. (2008).

2.3. Boundary conditions

The load used for the expansion of the stents in case study (i) and (iii) was
16 atm which was applied on the inner surface of the stent and the inner balloon
surface, respectively. This value is the maximum clinically permissible pressure for
the expansion of most stents (Serruys and Kutryk, 1998, 2000). However in case
study (ii), a maximum load of 30 atm was applied to the stent inner surface to fully
expand the stent to a diameter equivalent to the diameter achieved using the balloon
model. To ensure that the stent diameter did not exceed the balloon diameter due to
the application of this clinically meaningless pressure, restraining connector
elements were applied to every node of the stent. All of the restraining connector
elements were attached to ground and assigned a length of 1.113 mm to ensure that
the stent expanded from its crimped state to a final expansion diameter of 3.5 mm.

In order to model the adhesion of the balloon to the catheter in case study (iii),
the two end nodes of the balloon were connected using a connector element which
was assigned a maximum length equal to the balloon length in the folded
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Fig. 1. The process of creating the three-fold balloon geometry.

configuration thus allowing for possible balloon bending. The end nodes of the
balloon were constrained in the tangential direction. In addition, the two ends of
the coronary artery were constrained in all models.

The general contact available in ABAQUS explicit was used to model the
contact between the stent, balloon, and artery using frictionless contact with the
default properties in all models. In addition, in all of the case studies three
circumferentially symmetric nodes in the middle of the stents were constrained in
the axial direction.

ABAQUS explicit was used in this study and when performing a quasi-static
analysis using the explicit approach it is vital to ensure that the inertial forces are
negligible throughout the simulation and do not cause unrealistic dynamic effects.
Therefore, in this study the ratio of kinetic energy to the total strain energy was
consistently maintained lower than 5%. This criterion was proposed by Kim et al.
(2002) and ensures that the dynamic effects are negligible. In order to respect this
criterion the simulation times were set to 3 s in all case studies.

3. Results

Expansion of the three-fold balloon within the model of the
coronary artery enabled a realistic simulation of stent deploy-
ment, see Fig. 2. Stent deformation was, however, considerably
different in each of the three case studies. Deformation of the
stent was investigated by studying the pressure-expansion
response, flaring of the stent widely known as dog-boning, and
foreshortening which represents the shortening of the stent length.

The overall pressure-diameter response in the mid-stent
region in all case studies was determined as a function of
pressure. Comparison of the curves illustrates a significantly
different pressure-expansion response in case study (iii) in which
the stent-balloon assembly showed a highly compliant response
as the pressure reached 4 atm and the diameter increased rapidly
from 1.5 to 3 mm, see Fig. 3. This highly compliant response
cannot be generated using direct application of a uniformly
increasing pressure and this response is consistent with those
reported in experimental studies of stent deployment (Kiousis
et al., 2009; Migliavacca et al., 2008).

Dog-boning and foreshortening may be defined using the
following (Kiousis et al., 2009):

Dogboning (DB) = 7Ddi5f%;l?clemm’
1sta

. L —L
Foreshortening (FS) = —dgformed ™ Zundeformed
Ldeformed

where Dyisqqr and Deensrar Tepresent the diameter at distal and
central locations of the stent, respectively; Laeformea aNd Lundeformed
represent the deformed and undeformed length of the stent
respectively.

In all case studies, dog-boning occurred upon pressurisation,
however in case study (iii) where the stent was expanded using a
balloon model, the dog-boning was more pronounced and
initiated at a lower pressure, see Fig. 4. Maximum dog-boning in
case study (iii) reached 49% at a pressure of 4 atm whilst in case
studies (i) and (ii) this value reached a maximum of 19% at a
pressure of 14.4 atm. The final dog-boning after stent recoil
however was identical in case studies (ii) and (iii).

The most significant difference in the stent deformation
pattern, however, was found in the foreshortening curves, see
Fig. 5. Case study (iii) shows a foreshortening response with
negative values at all pressures, representing shortening of the
stent, and reaching a maximum foreshortening of —10% at a
pressure of 5.6 atm. In contrast, the other case studies show stent
elongation. Experimental measurements on very similar stents
have demonstrated stent shortening during stent expansion
(Kiousis et al., 2009).

Exploring the stresses in the vessel wall showed that the
highest stresses occurred in the plaque and intima. In case studies
(ii) and (iii) the von Mises stresses induced in the arterial tissue
were of very similar magnitudes with maximum values of
approximately 950 and 170kPa in the plaque and intima,
respectively, whilst the stresses in case study (i) were much
lower, see Fig. 6. Moreover, the percentage of the tissue volume
stressed over a certain threshold, calculated based on the stress
value at the element integration points, proved very similar in
case studies (ii) and (iii), see Fig. 7.

In addition, von Mises stress as high as 761 MPa was found in
the stent expanded using the balloon which was 10% and 4%
higher than that predicted in case study (i) and (ii), respectively.
These high stresses occurred where the crown joined the long-
itudinal struts and also in the crown tips in all cases.
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Fig. 2. Assembly of layer specific stenosed coronary artery, stent and balloon in (a) crimped configuration prior to expansion, (b) dog-boned configuration upon
pressurisation, and (c) following full expansion. The adventitia, media, intima, and the atherosclerotic plaque are represented by green, blue, red, and grey, respectively.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

35 Using pressure, case study (i)
Using pressure & restraints, case study (ii)
30 4 Using balloon, case study (iii)
25 4
20 1

Pressure (atm)

15 /
10 A /

P

5 4 | S

0 T T 1. T T I T T |
0 0.5 1 15 2 2.5 3 35 4

Diameter (mm)

Fig. 3. Pressure-diameter relationship of the stent throughout the deployment
process.

4. Discussion

Gervaso et al. (2008) compared simulation of stent deploy-
ment in an idealised vessel by direct application of pressure to the
inner stent surface and also by using a folded balloon model and
concluded that modelling the balloon is essential to accurately
estimate the level of injury to the arterial wall. In another study
by De Beule et al. (2008), the same two scenarios were compared
in a free expansion simulation (without inclusion of any vessel)
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Fig. 4. Dog-boning of the stent as a function of the applied pressure throughout the
deployment process.

and the pressurisation technique was found to be an over
simplification which could not yield accurate results. Consis-
tently, in this study comparison of case study (i) and case study
(iii) illustrates that application of the clinically relevant pressures
to the stent inner surface neither results in accurate estimation of
the stress—strain field in the arterial wall nor is it able to predict
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the transient response, final deformed configuration and stresses
of the stent.

The results of case study (ii), however, demonstrate that this
scenario may have the potential to reasonably predict the stress—
strain field in the vessel wall. This study illustrates that
estimation of the transient response of the stent such as
pressure-diameter, dog-boning, and foreshortening is clearly not
possible by direct application of pressure to the stent inner
surface and requires utilisation of a balloon model. Nevertheless
in certain cases where the objective is the estimation of the final
vessel wall stress/strain field following full stent expansion and
recoil, use of the method outlined in case study (ii) may be
adopted. In this study, a 6% error in the estimation of the stent
length on full expansion and recoil in case study (ii) did not cause
any significant differences in the vessel wall stress magnitudes or
spatial distribution. An additional limitation of this method that
would benefit from further investigation is the degree to which it
is influenced by the asymmetry of the vessel stenosis. Constrain-
ing the stent using restraining elements may result in a more
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Fig. 5. Foreshortening of the stent as a function of applied pressure throughout the
deployment process.
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symmetrical expansion than that which would occur with a
balloon which is free to inflate in an asymmetrical configuration.
The model geometry in this study has a lumen and stenosis of
moderate asymmetry but expansion of stents using this method
in vessels with more extreme asymmetry could lead to inaccura-
cies that would not occur using the balloon expansion model.
Although this study presents a simulation of a balloon
expandable stent in a patient derived vessel geometry using a
realistic three-fold balloon and a three layered vessel, some
limitations remain in the models. The most important limitations
of this study are associated with the vessel wall material
properties. Damage to the vessel wall and residual stresses in
the artery were not included in the constitutive model of the
vessel. However, given that this is a comparative study which
investigates the different modelling strategies, inclusion of
damage and residual stresses in the vessel material model was
deemed beyond the scope of this work. In addition, human
coronary arteries generally exhibit an anisotropic response in the
axial and circumferential directions due to collagen fibre orienta-
tion. The response of the vessel wall during stent expansion,
however, is mainly dictated by its circumferential mechanical
properties and therefore in this study the material properties of

40 -
g
5 30 +
o
>
°
& 204
w
<
i
e
© 101
N

0 L

Plaque Plaque Intima Intima
(Full Expansion) (Full Recoil) (Full Expansion) (Full Recoil)

>500 kPa for Plaque >50 kPa for Intima

Fig. 7. Percentage volume of plaque tissue stressed above 500 kPa and of intimal
tissue stressed above 50 kPa using uniform pressure with restraining elements
(black) and a folded balloon (grey).
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Fig. 6. Von Mises stresses in the stenosed vessel (a) applying uniform pressure to the stent, case study (i), (b) applying uniform pressure to the stent using restraining

elements, case study (ii), and (c) using the balloon model, case study (iii).
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human coronary arterial layers in the circumferential direction
were assigned to the models using an isotropic material model.

Although no experimental studies were carried out in this
work to verify the numerical results obtained, the experimental
work carried out by Kiousis et al. (2009) on similar stent designs
shows pressure-diameter, dog-boning and foreshortening re-
sponses consistent with the results of case study (iii) and provide
clear evidence to support the accuracy of this approach.

5. Conclusions

This study presents a realistic simulation of the deployment of
a balloon expandable stent in a human atherosclerotic coronary
artery using a realistic three-fold balloon model and compares the
results to those obtained using the simplified modelling approach
of direct application of pressure to the inner stent surface.
Application of direct pressure to the inner stent surface was
found to be incapable of accurately predicting the stress-strain
field and the deformed configuration of both the stent and artery.
In contrast however, application of pressure with restraining
elements which prevent expansion of the stent beyond the
desired diameter, may be used as a computationally efficient
method to accurately predict the stress-strain field in the vessel
wall following full stent expansion and recoil.
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