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Abstract The most common approach to treat atheroscle-
rosis in coronary bifurcations is the provisional side-branch
(PSB) stenting, which consists sequentially of the insertion
of a stent in the main branch (MB) of the bifurcation and a
dilatation of the side branch (SB) passing through the struts
of the stent at the bifurcation. This approach can be followed
by a redilatation of the MB only or by a Final Kissing Bal-
loon (FKB) inflation, both strategies leading to a minor stent
distortion in the MB. The positioning of the stent struts in the
bifurcation and the stresses generated in the stent and ves-
sel wall are worthy of investigation for a better understand-
ing of the mechanobiology of the system. For this purpose,
a computer model of an atherosclerotic coronary bifurca-
tion based on the finite element method was developed; the
effects of performing the final redilatation with the two strat-
egies utilising one or two balloons and those created by a
different stent strut positioning around the SB were investi-
gated. Results correlate well with previous experimental tests
regarding the deformation following balloon expansion. Fur-
thermore, results confirm firstly that the re-establishment of
an optimal spatial configuration of the stent after the PSB
approach is achieved with both strategies; secondly, results
show that case of stent positioning with one cell placed cen-
trally (with regard to the SB) should be preferred, avoiding
the presence of struts inside the vessel lumen, which may
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reduce hemodynamic disturbances. The central positioning
also resulted in a better solution in terms of lower stresses in
the stent struts and, more importantly, in the vascular tissues.
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1 Introduction

The most common interventional technique used to restore
blood flow in stenotic coronary arteries consists of implan-
tation of tubular metallic structures in pathological vessels.
These devices, known as stents, have shown excellent clin-
ical outcomes in non-bifurcated vessels, particularly after
the introduction of drug-eluting stents (DES). Indeed, DES
when properly used are able to avoid restenosis, identified
as the main cause of failure for these procedures (Morice
et al. 2002; Moses et al. 2006). However, stent implantation
in complex geometries such as coronary bifurcations remains
a challenging clinical problem, with a high rate of procedural
complications (Colombo et al. 2004).

Different techniques (crush technique, culotte technique,
T-stenting, V-stenting, etc.) that imply the insertion of two
or more devices are described in the literature (Iakovou and
Colombo 2005). All of these methodologies have specific
pros and cons. For example, the crush and culotte techniques
create zones on the vessel wall with multiple metallic layers
increasing the possibility of thrombosis generation; to over-
come this limitation, other techniques, such as T-stenting,
do not entirely cover the coronary wall, with negative con-
sequences on the drug-eluting dynamics and subsequent
therapeutic success. Moreover, techniques involving two or
more stents require a longer interventional time resulting in
higher angiographic contrast dose and exposure to radiation.
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These limitations have made provisional side-branch (PSB)
stenting the current preferred strategy. This consists of the
implantation in the main branch (MB) of only one stent with
the drawback of limiting subsequent access to the side branch
(SB) because of interposition of the device structures. In
order to restore the SB patency, the expansion of a balloon
through the stent struts is required. This process improves
the hemodynamic conditions and provides the possibility
of crossing the struts with another device if the immediate
clinical results are unsatisfactory but at the same time induces
stent distortion in the MB. This drawback was studied by
Ormiston et al. (1999) with in vitro experiments, which dem-
onstrated that main stent lumen compromise can be abolished
by main lumen redilatation or by simultaneous expansion of
two balloons (Final Kissing Balloon, FKB) in the MB and
SB vessels as final step. Furthermore, those authors affirmed
that the FKB ensures the maintenance of both main and side-
branch lumens providing a slightly larger side-lumen diam-
eter, and the FKB allows an easier access for the delivery
of a second device in the SB. However, the FKB provides
also some drawbacks, among which the most important is
certainly a highest stress field on the arterial wall. As a con-
sequence of the debate on the use of one or two balloons this
final step is still open (Sheiban et al. 2009). In addition to in
vitro tests, computer models (Liang et al. 2005; Lally et al.
2005; Wu et al. 2007; Kiousis et al. 2007; Gijsen et al. 2008;
Pericevic et al. 2009; Capelli et al. 2009; Zunino et al. 2009)
are able to examine different stenting techniques with lower
costs and are a significant research tool for both physicians
and industry. Indeed, computer methods can provide accurate
information on stent expansion and also estimate mechanical
stresses on the biological tissues interacting with the stents.

In the literature, Mortier et al. (2009a,b) used finite ele-
ment analyses to study the stenting procedure in coronary
bifurcations. In their studies, the authors observed the behav-
iour of different stent designs in terms of strut distortion at the
SB access after balloon dilation (Mortier et al. 2009a) and
compared three different stents in the curved main branch
of a coronary bifurcation with the aim of providing better
insights into the related changes of the mechanical environ-
ment (Mortier et al. 2009b).

The aim of the present study is the implementation of
a numerical model able to analyze through the finite ele-
ment method the stent behaviour in applications involving
coronary bifurcations. In particular, we investigate the PSB
approach focusing the attention (1) on the effects of three
different accesses to the SB and (2) on the comparison
between the FKB procedure and the redilatation of the MB
only as final step of the interventional procedure. The model
describing the PSB-stenting approach includes the interac-
tions between the balloons, the arterial wall and the athero-
sclerotic plaques; furthermore, it describes the mechanical
behaviour of biological tissues with a nonlinear stress–strain

relationship, which takes into account the three different lay-
ers of the coronary wall. The stress state generated both in the
stent and in the vessel tissues by the interaction between the
stent, the balloons and the arterial bifurcation is thoroughly
investigated in relation to the different stent struts position-
ing in proximity to the side branch and the final simulated
interventional option.

2 Materials and methods

2.1 Atherosclerotic coronary bifurcation

The bifurcation geometry was identified by the angle of inter-
section (70◦), the internal diameter of the MB (2.78 mm),
the internal diameter of the SB (2.44 mm), the thickness of
the wall (0.9 mm, assumed to be uniform throughout the
model), the length of the MB (47 mm) and the length of
the SB (22.5 mm, Fig. 1). The arterial wall was divided
into three layers with different thicknesses corresponding to
intima (0.24 mm), media (0.32 mm) and adventitia (0.34 mm)
according to the data obtained by Holzapfel et al. (2005). Ath-
erosclerotic plaques were modelled with a length of 3.9 mm
in the MB and 4.3 mm in the SB, and a width of 0.5 mm
and placed in the bifurcation in accordance with the Medina
(1,1,1) classification (Medina et al. 2006) with the presence
of stenoses both in the proximal and distal part of the MB
and in the SB (60% area reduction in the MB and 65% in the
SB, respectively).

A hyperelastic isotropic constitutive law, suitable for
nearly incompressible materials accounting for large strains,
was adopted for the arterial layers in accordance with
the experimental data obtained by Holzapfel et al. (2005)
in stress–strain tests in the circumferential direction. The
adopted constitutive law was based on a sixth-order reduced
polynomial strain energy density function:

U = C10( Ī1 − 3) + C20( Ī1 − 3)2 + C30( Ī1 − 3)3

+C40( Ī1 − 3)4 + C50( Ī1 − 3)5 + C60( Ī1 − 3)6 (1)

where Ci0 are the material parameters (Table 1) and Ī1 is the
first deviatoric strain invariant defined as:

Ī1 = λ̄2
1 + λ̄2

2 + λ̄2
3

with the deviatoric stretches λ̄i related to the principal
stretches λi and total volume ratio J by the relation

λ̄i = J−1/3λi .

With the aim of approximately describing the mechan-
ical failure of an atherosclerotic plaque, its material was
described coupling an isotropic hyperelastic model with a
plasticity model: it allows consideration of stenosis reduction
after stent expansion and arterial elastic recoil. The hyper-
elastic part of the stress–strain curve was implemented using
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Fig. 1 Geometric model of the
atherosclerotic bifurcation. In
the upper left magnification
area, the thicknesses of arterial
wall layers and of
atherosclerotic plaque are
depicted. In the upper right
magnification area, a detail of
the mesh is reported: eight rows
of elements in circumferential
direction are visible for the
plaque and six for the arterial
wall, two for each layer.
Dimensions are in millimetres

PLAQUE 0.50

INTIMA 0.24

MEDIA 0.32

ADVENTITIA 0.34

47.00

3.90

4.
58

2.
78

Table 1 Coefficients of strain
energy density function for the
coronary bifurcation

C10 [MPa] C20 [MPa] C30 [MPa] C40 [MPa] C50 [MPa] C60 [MPa]

Intima 6.79E−03 5.40E−01 −1.11 10.65 −7.27 1.63

Media 6.52E−03 4.89E−02 9.26E−03 0.76 −0.43 8.69E−02

Adventitia 8.27E−03 1.20E−02 5.20E−01 −5.63 21.44 0.00

Plaque 2.38E−03 1.89E−01 −3.88E−01 3.73 −2.54 5.73E−01

the strain energy density function (1) in which the parame-
ters Ci0 (Table 1) were modified to describe the stress–strain
curve obtained by Loree et al. (1994) for cellular plaques.
For strain values greater than 34%, a perfect plasticity model
was assumed for the plaque response. The stress plateau
value was fixed at 0.4 MPa, accordingly with the rupture
stress registered by Loree et al. (1994). A density value of
1120 kg/m3 was used. Artery and plaques were meshed using
about 360,000 reduced-integration 8-node cubic elements
(Fig. 1). The accuracy of the mesh density used in the anal-
yses is guaranteed by the mesh sensitivity study performed
by the authors and published in a recent paper (Capelli et al.
2009) on a similar arterial wall.

2.2 Stent

The Cordis BX Velocity stent (Johnson & Johnson Inter-
ventional System, Warren, NJ, USA) already used in previ-
ous studies (Gervaso et al. 2008; Capelli et al. 2009) was
employed (Fig. 2a). The stent geometry was reconstructed
from optical microscopy images (Migliavacca et al. 2005).
The length, the internal diameter and the strut thickness
in the crimped configuration were 17.7, 0.9, and 0.14 mm,

respectively (Fig. 2a). The stent material was stainless steel
AISI 316L. The elasto-plastic behaviour of this material was
described through a Von Mises-Hill plasticity model with iso-
tropic hardening. Other parameters used were Young mod-
ulus (193 GPa), Poisson ratio (0.3), yield stress (205 MPa),
ultimate stress (515 MPa), ultimate deformation (60%) and
material density (8000 kg/m3). The stent geometry discret-
ization resulted in a highly regular mesh of about 67,000
8-node cubic elements with reduced integration (Fig. 2b),
which respects the results of the sensitivity analysis per-
formed by Capelli et al. (2009) on the same model.

2.3 Balloon

A polymeric balloon was modelled with an inflated diame-
ter of 3 mm (Fig. 2c). Membrane elements with a thickness
of 0.03 mm were used to discretize the balloon. A prelim-
inary analysis, in which a negative pressure of 0.01 MPa
was applied to the balloon’s inner surface, was performed
to obtain the deflated configuration (Fig. 2d). Once deflated,
the balloon was inserted in the stent (Fig. 2e). To simulate
the FKB and the access to the SB, a stress-free bended bal-
loon configuration was needed. This was created applying
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Fig. 2 a CAD model of stent Cordis BX Velocity with the dimensions of length, external and internal diameters reported in millimetres;
b particular of the mesh of the stent; c, d, e, f the balloon inflated and deflated configurations (see text)

rotations to the tops of the balloon (Fig. 2f). The bending
angles were 70◦ for the access to the SB, and 60◦ and 10◦ for
the FKB. During the simulations, balloons were constrained
at the ends fixing only the radial direction. In such a way,
longitudinal and circumferential degrees of freedom are not
constrained.

The polymer was modelled as an isotropic, linear-elastic
material providing a semi-compliant behaviour to the bal-
loon (E=1,455 MPa and ν = 0.3). The material density
was 1256 kg/m3. The geometry was discretized with 4-node
membrane elements: the mesh consists of about 5,700 ele-
ments for the balloon in the MB and about 18,000 for the
balloon in the SB (Fig. 2c).

2.4 Simulations

Due to the high nonlinearity of this problem (mainly a
result of the nonlinear material behaviour and complex
contact conditions), we performed a quasi-static analysis
using an explicit dynamics procedure: the commercial code
ABAQUS/Explicit (Simulia Corp., RI, USA) was adopted.
Because the explicit integration method (central difference
rule) is conditionally stable, specific attention has to be paid
to time increment size that depends mainly on the char-
acteristic element length, material constitutive parameters
and density. In this work, to follow a cost-saving approach

maintaining solution accuracy, an element-by-element stable
time increment estimate coupled with a “variable mass scal-
ing technique” was used, allowing an ad hoc adjustment of
the material density in space and simulation time (ABAQUS
2008). Analysis time-step and loading rate were adequate
to ensure a static equilibrium along the analysis. The quasi-
static regime was verified by a ratio between kinetic and
internal energy lower than 5% (Fig. 3).

Contacts between parts of the model were defined accord-
ing to the general contact algorithm available in ABA-
QUS/Explicit.

The PSB-stenting procedure was simulated in six different
steps (Fig. 4):

1. Positioning of the delivery system (balloon and stent)
inside the coronary bifurcation (Fig. 4a).

2. Expansion of the stent in the MB by application of a
pressure of 1 MPa on the internal surface of the balloon
(Fig. 4b).

3. Deflation of the MB balloon to measure the elastic recoil
of the system (Fig. 4c).

4. Positioning of the SB balloon through the stent struts
(Fig. 4d).

5. Dilatation of the stent cell in proximity to the bifurcation
by application of 1 MPa pressure on the internal surface
of the 70◦ deflected balloon (Fig. 4e).
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Fig. 3 Plot of the kinetic (thick solid line), internal (thin solid line) energies and their ratio (dotted line) for the whole model during the entire
simulation

Fig. 4 Provisional side-branch-stenting simulation steps. Initial position (a), balloon expansion (b) and recoil (c) of the system in the MB. Insertion
of a balloon in the SB through a cell of the stent (d), balloon expansion (e) and elastic recoil of the system (f)

6. Deflation of the SB balloon (Fig. 4f).

Since this procedure is highly affected by the stent position
in the MB, which is only under limited control of the opera-
tor during the implantation, three different simulations were
performed:

Case 1. Stent positioned with one cell placed centrally with
regard to the side branch (Fig. 5a);
Case 2. Stent placed in order to cross the cell proximally
(Fig. 5b);

Case 3. Stent placed in order to cross the cell distally
(Fig. 5c).

Subsequently, starting from the final configuration of Case 1
(central access), two analyses investigating the potential final
steps were performed (Fig. 6):

Case 1A. Simultaneous expansion and deflation of two bal-
loons in each of the branches of the bifurcation (FKB) by
application of a pressure of 1 MPa (Fig. 6a).
Case 1B. Redilatation of a 3.0- mm balloon in the MB only
by application of a pressure of 1 MPa (Fig. 6b).
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Fig. 5 Access to the SB for three different stent positions. Lower panel views towards the SB; the grey circle shows the balloon position; Upper
panel frontal views. a central access; b proximal access; c distal access

3 Results and discussion

Stress and deformation fields on the artery, plaque and
stent were evaluated for each PSB stenting simulation
performed.

Solutions obtained in terms of stent deformations were
compared to the results of an experimental test (Ormiston
et al. 2006) to determine the device distortions after expan-
sion of the balloon in the SB and after the FKB (Fig. 7). The
similarity between the two solutions provides a first qualita-
tive validation of the implemented model.

From a quantitative point of view, analyses regarding
residual stenosis (RS), equivalent plastic strains (PEEQ),
stresses in the stent and the arterial wall are outlined in the fol-
lowing paragraphs for case 1A (central access and Final Kiss-
ing Balloon), together with some geometrical considerations
concerning the comparisons between the three accesses to
the SB and between the two final steps for the restoration of
the main vessel lumen.

The efficacy of stenting is generally evaluated in terms of
RS. For the investigated case, the stenting technique almost
provided total recovery of the lumen (RS<1%).

The PEEQ maps of a proximal part of the stent after the
expansion of the device in the MB and after the FKB for
case 1A (stent positioned with one cell placed centrally with
regard to the side branch and FKB inflation) are shown in
Fig. 8. As expected, the inelastic behaviour is concentrated

in the curved portions of the rings, where plastic hinges are
developed to allow expansion of the device. The maximum
PEEQ values are around 20% after expansion of the device
in the MB, while they reach values up to 34% after the FKB.
Even if this value of plastic strain is far from the ultimate
deformation of stainless steel (around 60%), it is evident that
the FKB procedure is very demanding for the stent. Accord-
ingly, particular attention has to be paid to the selection of
the material used for producing the stent as well as in the
build-up of plastic strain during crimping. The highest stress
values in the stent vary between 410 MPa after the expansion
in the MB and 490 MPa at the end of the procedure.

To analyze the stress field in the artery, maximum principal
stress maps of the vascular wall and the plaques developed
during the procedure for central stent positioning (case 1A)
are shown in Fig. 9. The greatest stresses can be found in the
proximal part of the MB and in the proximity of the carina
during the FKB.

This unfavourable situation in terms of stresses and strains
after the FKB is also visible in Fig. 6 where the two dif-
ferent final steps are compared. Both the FKB and the MB
redilatation are able to restore an optimal spatial config-
uration in the MB for the device; but in the first proce-
dure, the simultaneous presence of two balloons results in
higher stresses in the arterial wall. Moreover, SB access in
terms of projected cell area seems not to be greatly affected
by the final step performed confirming Ormiston results
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Fig. 6 Final step strategies after the SB access. a FKB procedure:
insertion of two balloons, simultaneous expansion and elastic recoil.
b Dilatation of the MB only: insertion of one balloon in the MB, expan-

sion and elastic recoil. Cross-sections show maximum principal stresses
in the arterial wall during the different steps of the procedures

Fig. 7 Comparison between the results of the experimental data (top, modified by Ormiston et al. 2006) and of the computational analysis (bottom).
Left and centre the results after the SB stenting in two different views; right the configurations after the FKB

(Ormiston et al. 1999). Therefore, these considerations cor-
roborate from a mechanical point of view that the redilata-
tion of the MB should be preferred as a final step after a PSB
approach.

Analyzing the different SB accesses, Fig. 10 shows the
distortion angles of the device in the MB and the stent
struts in proximity to the bifurcation after the SB access.
The expanded balloon allows an access to the SB free from
stent struts only in the central case where the projected cell
area available for the blood flow is the 79.8% of the total

lumen area. In the proximal and distal cases, the amounts of
the three areas (57.4, 8.2, 9.9 for the proximal access; 21.5,
25.7, 28.6 for the distal access) are, respectively, 75.5 and
75.8%. Considering the absence of stent struts protruding into
the branches in the central positioning, minor hemodynamic
implications after the procedure are expected. Furthermore,
with distal and proximal access to the SB, a higher stress field
and higher plastic deformations can be found both in the stent
(Fig. 10, bottom) and in the intimal layer of the arterial wall
(Fig. 11).
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Fig. 8 Equivalent plastic strains in the stent after the MB stenting (top)
and the FKB (bottom)

3.1 Limitations

The main limitation of this work is the description of bio-
logical tissue constitutive laws. More advanced constitutive
models are available in the literature taking into account the
anisotropy related to fibre dispersion in the tissue (Gasser
and Holzapfel 2007; Hariton et al. 2007; Gasser et al. 2006).
However, in order to apply these more complex constitu-
tive models, parameters calibration is a crucial issue. Precise
information about fibre orientation in the bifurcated region
as well as the properties of the plaques are required; they are
sensitive to the specific patient and impossible to obtain from
routine clinical exams.

An additional limitation of our model is the absence of any
rupture mechanism in the arterial components. This limita-
tion has effects on the absolute values of the stresses and
deformations of the arterial layers. However, the adopted
simplified constitutive relations are an efficient and simple
comparative framework to estimate the non-physiological
state created by the insertion of a stent with multiple bal-
loon expansions. Indeed, results can be useful to evaluate the
vessel zones more prone to damage and hence more subjected
to the restenosis process.

Fig. 9 Maximum principal stress colour maps in the arterial wall after
the three steps of the procedure in case 1A

An additional limitation of this study is related to plaque
geometry and location, which are idealized. Simulations with
patient-specific geometries obtained by medical imaging or
less idealized plaque geometry would certainly improve the
implemented model.

Lastly, other aspects concerning the arterial wall condi-
tions, such as luminal blood pressure, pre-stretch and residual
stresses were neglected.

4 Conclusions

Numerical simulations are a very useful and adaptable tool
completing and integrating experimental tests for medical
device design and evaluation. Ormiston et al. (1999, 2006,
2008) created in vitro tests to study device behaviour during
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Fig. 10 Stent struts in proximity of the bifurcation after SB access in
three cases of stent positioning in the MB. Numbers represent the per-
centage of the projected cell area free from struts. Equivalent plastic
strains and the final configurations of the enlarged strut are reported

at the bottom. Arrows indicate the protrusion of the stent struts in the
MB (proximal access) and in the SB (distal access) after the SB access.
Angles of distortion of the stent in the MB are reported

Fig. 11 Maximum principal stress colour maps in the arterial wall during the SB access for central, proximal and distal access to the SB
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a bifurcation dedicated treatment. The phantoms they used
to simulate the coronary bifurcation are built in plexyglass
(Ormiston et al. 1999, 2006), a rigid material with a very dif-
ferent behaviour from the vessel wall or in silicone (Ormiston
et al. 2008), a family of deformable polymers. In contrast,
the numerical model implemented in our work considered the
non-linear aspects for the mechanical properties of the three
arterial wall layers, conscious that this constitutive modelling
remains a simplification of the reality. Furthermore, the final
kissing balloon expansion added an innovation to the stent
modelling arena.

Further developments might simulate the behaviour of dif-
ferent stent designs considering other stenting procedures
and, more importantly, might also involve fluid dynamics
analyses (Balossino et al. 2008; Zunino et al. 2009) to evalu-
ate the whole efficacy of these procedures. The novelty of this
computer methodology is its capability of analyzing differ-
ent stenting techniques dedicated to bifurcation lesions; in the
future, computer models similar to those herewith proposed
will increase technical knowledge to allow stent designers to
obtain information for the optimization of the devices used
in bifurcations and clinicians to have some patient-specific
proposals for intervention planning.
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