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Abstract

Mathematical models are well-recognized and widely adopted tools to study stenting procedures.
Nowadays, the increased computational power allows satisfying clinical needs more easily. The
simulations of complex patient-specific cases including the implantation of multiple stents in
coronary bifurcations or curved vessels has become a reality. Thanks to image-based methods, the
peculiar anatomical features prior and after a stent insertion are detectable. The stress state exerted
within the arterial wall of a coronary artery can be estimated by means of structural simulations.
This review chapter aims to describe the most recent advances in this area with particular focus on

stent deployment simulations in coronary bifurcations.
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1. Introduction

The treatment of coronary bifurcation lesions is characterized by a higher rate of procedural
complications and adverse events as compared to non-bifurcation interventions [1]. Because of the
anatomical variability of bifurcations (e.g. angle between branches, diameter of branches, location
and severity of the plaques, etc.) and the anatomical modifications caused by stenting implantation
(e.g. carina and/or plaque shift and dissection), it is difficult to define a gold-standard strategy for
the treatment of atherosclerotic lesions in coronary bifurcations [1]. Indeed, the stenting techniques
for the treatment of coronary bifurcations are still numerous and each of them is associated with
limitations and drawbacks [2].

Structural simulations of stent deployment allow the quantification of quantities that are hardly
detectable in vitro, using the bench test experimental approach, or in vivo [3,4]. By using idealized
models of coronary arteries with or without bifurcations, the performance of different stent
platforms or stenting techniques can be compared by analyzing a number of geometrical and
mechanical quantities. Examples of geometrical quantities include malapposition, stent ellipticity,
stent cell size, minimum lumen area, side branch ostial area, and side branch compromise. As
regards the mechanical quantities, in addition to stress and strain within the stent, stress and strain
inside the arterial tissue, and the vessel wall damage provoked by the stent struts pushing the wall
can be quantified. The analysis of the stress field within the arterial tissue is of particular interest as
animal studies have highlighted that the increased arterial wall stress due to stent expansion is
related to in-stent restenosis [5]. Thus, when applied to patient-specific anatomies, structural
simulations can be used to guide the choice of the best stent platform or stenting technique for that
specific anatomy in terms of mechanical quantities relevant to the progression of in-stent restenosis.

The former part of this Chapter presents the models of stent deployment in idealized coronary

bifurcated geometries while the latter outlines the usage of patient-specific models.
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2. Structural models of stent deployment in idealized geometries

There is plenty of studies on stent modeling in the literature. The pioneering studies are dated
nearly 20 years ago (e.g. [6-10]). Those works seldom considered the presence of the balloon or the
vessel wall. We refer the reader to two recent reviews, which describe most of these studies [11,12].

Figure 1 schematically shows the necessary elements to carry out a standard acceptable structural
simulation of stent deployment in a coronary vessel either idealized or patient-specific: the artery,
the plaque(s), the balloon(s) and the stent(s). Indeed, nowadays, the presence of a balloon when
simulating the stent expansion is considered mandatory as it highly affects the arterial wall stress
patterns [13,14]. Similarly, the modeling of the arterial vessel with realistic mechanical properties
[15] should be always included when studying the expansion of a stent. The modeling of the
atherosclerotic plaque strongly influences the response of arterial wall when a stent is implanted
[16-18]; for this reason, the majority of the modeling works takes this feature into account. The
difficulty here lies in knowing the mechanical properties, as the plaque is heterogeneous and multi-
component. An overview on plaque mechanics is offered in a recent special issue of the Journal of
Biomechanics [19]. Phenomena like plaque shift, rupture, and delamination are still open issues for

modelers.

<Figure 1 near here>

The most recent structural studies for coronary artery diseases are focused on the bifurcation
area. A list as comprehensive as possible of those studies is reported in Table 1. In the majority of
these studies [16,20-28], the provisional stenting technique is simulated as it is considered the
standard strategy of treatment for most coronary bifurcations [2]. The first step of this technique
consists in the deployment of a stent in the main branch of the bifurcation (i.e. cross-over stenting)
[23]. Subsequently, the current consensus document by the European Bifurcation Club [2] suggests

to post-dilate the proximal main branch using a short balloon (i.e. proximal optimization technique,
4
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POT) to ensure adequate stent apposition, and, depending on the specific case, to simultaneously
expand two short balloons in both bifurcation branches (i.e. kissing balloon inflation, KBI) to
improve side branch access, and to conclude the technique with another POT (i.e. rePOT). In case
of poor angiographic results in a side branch supplying a vast myocardial territory, stenting of the
side branch is still possible [2], thus leading to a double-stenting technique.

Some modeling studies [16,22,25] investigated the impact of the different procedural steps of
provisional stenting from the biomechanical viewpoint to support the cardiologists’ decision on
performing some of those steps (or alternative steps). In particular, Gastaldi et al. [16] studied the
impact of stent positioning on the access to the side branch and compared the KBI against the
dilatation of the main branch only as the last procedural step of provisional stenting. The other two
studies [22,25] compared different post-dilation strategies for concluding the provisional stenting
technique (i.e. KBI against sequential dilatation of side and main branches). Foin et al. [22]
computed the deformation induced within the arterial wall by the two different post-dilation
strategies as additional analysis to in vitro bench tests and computational fluid dynamics
simulations. Mortier et al. [25] performed exclusively a virtual bench test by carrying out finite
element analyses in three bifurcation anatomies with three stent platforms. The simulated cases
(n=54) were compared in terms of geometrical quantities, namely side branch ostial area stenosis,
strut malapposition, and ellipticity of the proximal stent segment. In both studies, the sequential
dilation resulted in better outcomes.

To improve the KBI step within provisional stenting, Morlacchi et al. [21] proposed a tapered
balloon able to reduce the proximal main branch ellipticity and to mitigate the effects of high
arterial wall stress in the proximal main branch provoked by the simultaneous inflation of two
balloons in the bifurcation. Other studies [20,23] compared the biomechanical behavior of different
stent platforms when deployed using the provisional stenting technique. lannaccone et al. [28]
investigated the impact of bifurcation angle, plague composition, and post-dilatation strategies of

provisional stenting on side branch ostium compromise. A parametric population-based bifurcation
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model was created with 60% diameter stenosis in all branches (Medina class 1,1,1). Two
bifurcation angles and four different plaque types were analyzed. The simulations highlighted that
provisional stenting causes an ovalisation of the side branch ostium, which can appear as significant
stenosis in two-dimensional angiography, without causing any significant reduction of the side
branch ostium area in the majority of cases. Furthermore, they showed that provisional stenting
results in more severe outcomes for the side branch ostium in case of calcified plagues and that
short balloons should be preferred when performing the post-dilatation step.

The number of finite element studies investigating double-stenting techniques for the treatment
of coronary bifurcation is limited. Raben et al. [26] compared Provisional stenting, Crush, Culotte,
and T-stenting with high protrusion from the biomechanical viewpoint. However, finite element
analyses of stent deployment were used only to generate the fluid domain for subsequent
computational fluid dynamics simulations. Morris and colleagues [29] performed detailed stent
insertion simulations with the simultaneous Kissing stents (SKS) technique (Fig. 2). Structural
simulations were useful to demonstrate that the stents were not distorted and that this technique
produced favorable outcome in selected patients. This study is a good example of how modeling
studies, although with idealized geometries, can provide general guidelines to improve coronary

bifurcation stenting treatments.

<Figure 2 near here>

The usage of new dedicated devices for the treatment of coronary bifurcations is increasingly
reported in the recent literature. Arokiaraj et al. [30] proposed a double stenting technique
consisting in the deployment in the main branch of a novel stent with an interface of three nitinol-
based connection links followed by the stenting of the side branch with a conventional stent. The
work by Morlacchi et al. [24] was focused on the Tryton stent (Tryton Medical, Inc., Durham, NC,

USA), which is one of the few dedicated devices that underwent large clinical trials [31]. In
6
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particular, finite element structural simulations were used to compare the Tryton-based culotte
technique against provisional stenting and culotte technique performed with conventional stents.
Results showed that substantially different patterns of mechanical deformation were obtained with
the different stenting techniques. The Tryton-based technique was proposed as the procedure able to
facilitate the intervention by improving the access to the main branch and to lower mechanical
stress in the vessel wall. Recently, the same group of authors continued to evaluate the performance
of the Tryton stent [31,32]. Specifically, Grundeken et al. [31] evaluated the effect of rewiring
through one of the panels of the Tryton device (instead of the suggested re-wiring in-between the
panels) on stent geometry and mechanics. Chiastra et al. [32] investigated the impact of wrong
positioning of the Tryton stent in coronary bifurcations on geometrical and mechanical quantities.
Indeed, the device manufacturer provides specific recommendations to position the Tryton stent in
the side branch. However, in daily practice, wrong positioning of the stent can occur. In both
studies, the structural simulations were used to explain and support in vivo 3D optical coherence
tomography (OCT) analyses. The two studies are an example of how simulations performed in
idealized bifurcation models can help understand phenomena observed during stent deployment in

the clinical practice.

<Table 1 near here>

3. Structural models of stent deployment in patient-specific geometries

One of the main aims behind the construction of patient-specific models is to use the simulation
results to give indication in the interventional planning process. Furthermore, patient-specific
models can be used to better interpret the procedural outcomes including adverse biological process
after stent implantation, like the in-stent restenosis.

The first proof-of-concept study of patient-specific approach was proposed in 2008 by Gijsen et

al. [33], who built a 3D model of a mildly stenosed coronary artery without bifurcation with a
7
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combination of biplane angiography and intravascular ultrasound. Such a model was used to predict
stresses in the stent struts and the vessel wall. Since 2008, a limited number of patient-specific
structural studies of coronary stenting have been published. Table 2 provides a list as
comprehensive as possible of those works, limited to coronary bifurcations.

Mortier et al. [34] compared the biomechanical behavior of different stent platforms in an image-
based coronary bifurcation model reconstructed from rotational angiography data. A detailed
bifurcation model was created by accounting for the anisotropic mechanical behavior of its main
three constitutive layers (i.e. intima, media, and adventitia) but discarding the presence of the
plaque. The different stents were compared in terms of arterial wall stresses provoked at the end of
the implanting procedure. To show the potentiality of the virtual stent design, two modified stent
designs were also proposed, which allowed reducing the predicted maximum wall stress values.

Ragkousis et al. [35] compared the mechanical performance of different balloon delivery
systems for the treatment of coronary arteries. In particular, a tapered and a stepped multi-folded
balloon models were developed to maximize the minimum lumen area and minimize the stent
malapposition. These balloon models were applied to both a non-bifurcated and bifurcated patient-
specific coronary vessel.

Differently from the previous two works, other studies [36-38] proved the feasibility of
performing patient-specific structural analyses that replicate the complete stenting procedure
followed by the clinicians to treat a patient. Specifically, in Morlacchi et al. [36] image-based 3D
vessel reconstructions were created combining data from conventional coronary angiography and
computed tomography angiography and the clinical procedure was virtually replicated (Fig. 3).
Although the imaging data did not provide precise information on plaque location and composition,
the plaque location was estimated by computing the distance between each node of the mesh of the
vessel and the centerline of the external wall. This study showed the biomechanical impact of stent
deployment in patient-specific coronary bifurcations and pointed out how two overlapping stents

have great influence on the stent and arterial wall stress state (Fig. 3). Mortier et al. [37] virtually
8
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replicated all the steps of the provisional stenting technique, including proximal optimization
technique and kissing balloon inflation, in a patient-specific left main coronary bifurcation model.
The bifurcation model was reconstructed from computed tomography and intravascular ultrasound
images, thus allowing a more accurate anatomical description as compared to the previous study
[36]. In fact, the high resolution (axial resolution of 100-200 um and lateral resolution of 200-300
pm) and tissue penetration (10 mm) of intravascular ultrasound [39] enabled the 3D reconstruction
of the arterial wall with patient-specific variable thickness. To demonstrate that alternative
treatment approaches can be compared using the virtual bifurcation stenting, the stent sizing
strategy performed in vivo was compared to a different one (i.e. 3.0 mm versus 3.5 mm Abbott
Xience Prime stent) in terms of geometrical and mechanical quantities. Finally, Chiastra et al. [38]
performed structural simulations of stent deployment in two patient-specific anatomies
reconstructed from computed tomography and OCT. The plague location was estimated using a
previously developed method [36]. A different composition (i.e. soft or stiff plaque) was associated
to different plaque regions, which were manually delineated from OCT. In addition to the in vivo
clinical procedure, different stent platforms and positions were simulated and compared from the
biomechanical viewpoint to show the use of these analyses as tools for pre-interventional planning.
It is worth mentioning that most of the recent studies on patient-specific models of coronary
bifurcations are related to the investigation of the altered hemodynamics caused by the stent
placement. This interest has gained attention thanks to the more and more common use of OCT in
the clinical centers. We refer the reader to the chapter of this book on the hemodynamics in

coronary bifurcations (Chapter 12) for detailed information about those studies.

<Table 2 near here>

<Figure 3 near here>
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4. Model validation

Validation of the structural models described in this Chapter is a key process for determining
whether these models are an accurate representation of in vitro or in vivo stent deployment [40].
Several studies validated the free-expansion behavior of both conventional coronary stents
[8,13,41,42] and devices dedicated to bifurcations [43] by visually comparing the stent-balloon
expansion patterns and/or by quantitatively comparing computed pressure—diameter relationships to
experimental data or to the device compliance chart provided by the manufacturer. Figure 4 shows
an example of qualitative comparison between a free-expansion simulation and the corresponding
experiment for the Resolute Integrity stent (Medtronic, Minneapolis, MN, USA). The finite element

simulation was able to predict the transient expansion behavior including the dog-boning effect.

<Figure 4 near here>

A good match between finite element analysis and reality was also observed by Gastaldi et al.
[16] who qualitatively compared the geometric outcome obtained after provisional stenting
simulated in a coronary bifurcation model against the results of an experimental test conducted in a
bifurcation phantom with similar geometry [44].

To the best of the authors” knowledge, until now the work by Chiastra and colleagues [38] is the
only study that evaluated the reliability of structural simulations to predict the post-operative
geometric outcomes in patient-specific coronary bifurcation models. In particular, the lumen
geometries obtained after virtual stent deployment were compared against those reconstructed from
post-operative OCT images. The geometries showed a qualitative good agreement. Quantitatively,
the maximum difference in lumen area with a relative distance lower than 0.25 mm (i.e. twice the
stent strut thickness) between the two geometries was ~20%. The analysis was performed in two

cases and was limited to the lumen surface without the comparison of the stent geometry.
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5. Conclusions and future directions

In the present Chapter, several computational studies on the structural mechanics of stented
coronary bifurcations have been reviewed, considering both idealized and image-based models. The
vascular injury caused by device implantation is an important aspect that needs to be linked to the
outcome of the stent procedure. Modeling can provide insight on the changes of the mechanical
environment due to the stent expansion. More patient-specific data, like the plaque mechanical
properties, need further investigation.

As proposed in the work by Ribeiro et al. [45], one direction to future developments in the stent
arena is the design of specific stent design responding to precise performances. Their methodology
is based on the accurate reconstruction of surrogate stent models designed to perform a sensitivity
analysis to evince the geometrical struts characteristics having an impact on output variables. This
method not only might be applied to an idealized coronary artery without any bifurcations, but it
might be extended to patient-specific scenarios. So far, patient-specific structural simulations of
stent deployment are sophisticated and time-consuming. To be useful and capable of predicting the
best stent platform and technique for the specific patient, these simulations should be made in real
time, while the cardiologist is planning the procedure. This means that the simulations should
provide the surgeon results on the effects of different parameters (i.e. stent platform, positioning,
bifurcation technique choice, etc.), and receive warnings in terms of abnormalities related to the

geometrical and mechanical variables of interest.
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Figure 1. The elements to perform a structural simulation in an idealized (left) or patient-specific

(right) case: the artery, the plaque, the balloon and the stent. Images inspired to [21,38].
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Figure 2. Finite element analysis of the simultaneous kissing stenting (SKS) technique. A) Virtual
SKS deployment sequence of two stents in an idealized coronary bifurcation without disease. B)
Stent strut malapposition. C) Maximum principal stress within the arterial wall. D) von Mises stress

in the stents. Images inspired to [29].
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Figure 3. Example of patient-specific finite element analysis of stent deployment. The arterial
bifurcated model is reconstructed from clinical images and the virtual implantation of multiple
stents is simulated (A) and then compared with the angiography exam (B). The stress state in the

arterial wall calculated from the structural simulations is shown in selected cross sections (C).

Image inspired to [36].
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Simulation Experiment

Figure 4. Qualitative comparison between a finite element analysis of free-expansion of a Resolute
Integrity (Medtronic, Minneapolis, MN, USA) stent (left) and corresponding in vitro experiment
(right): A) initial crimped configuration; B) intermediate configuration with evident dog-boning

effect; C) final expanded configuration.
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Table 1. List of published studies on structural simulations of stent deployment in idealized coronary bifurcation models.

First author,
year [reference]

Aim

Bifurcation model

Geometry (o — Dpwms,
Dowme, Dss, thickness)

Arterial wall
(thickness, material)

Plaque

Stent
platform(s)
(Manufacturer)

Stenting
techniques(s)

Solver (analysis
type)

Mortier et al.
2009 [20]

To investigate the
impact of different
stent platforms and SB
balloon sizes on the
stent cell deformation
and global stent
distortion

1 geometry (45°, 3
mm, 2.5 mm, 2.5
mm)

Single layer (constant
thickness,
homogeneous
isotropic hyperelastic
material)

No

Cypher (Cordis)

Multi-Link
Vision (Abbott
Vascular)

Provisional stenting
(crossover stenting
+ SB balloon
dilatation)

Abaqus/Explicit
(quasi-static
analysis)

Gastaldi et al.
2010 [16]

To analyze the
provisional technique
by comparing (i)
different accesses to
the SB and (ii) the KBI
with the dilatation of
the MB only

1 geometry (70°, 2.78
mm, 2.44 mm, 2.44
mm)

3 layers (constant
thickness,
homogeneous
isotropic hyperelastic
material)

Yes, isotropic
hyperelastic model
coupled with a
perfect plasticity
model

BX Velocity
(Cordis)

Provisional stenting
(crossover stenting
+ MB dilation)

Provisional stenting
(crossover stenting
+ MB dilation + KBI)

Abaqus/Explicit
(quasi-static
analysis)

Morlacchi et al.
2011 [21]

To investigate the
biomechanical impact
of different balloon
designs on the FKB

1 geometry (45°, 2.78
mm, 2.78 mm, 2.44
mm)

3 layers (constant
thickness,
homogeneous
isotropic hyperelastic
material)

Yes, isotropic
hyperelastic model
coupled with a
perfect plasticity
model

Multi-Link
Vision (Abbott
Vascular)

Provisional stenting
(crossover stenting
+ KBI)

Abaqus/Explicit
(quasi-static
analysis)

Foin et al. 2012
[22]

To compare different
post-dilation strategies

1 geometry (ND)

ND (ND, hyperelastic
material)

No

Taxus Liberté
(Boston

Provisional stenting
(crossover stenting

Abaqus/Explicit
(quasi-static

22


https://doi.org/10.1016/C2017-0-03308-6

Accepted chapter available at https://doi.org/10.1016/C2017-0-03308-6

for concluding Scientific) + KBI) analysis)
provisional stenting Provisional stenting
(crossover stenting
+ sequential SB-MB
dilatation)
Cypher (Cordis)
Provisional stenting
TaxusLiberté (¢ ocsover stenting
To compare the (Boston +POT)
performance of Scientific) - ,
. 1 geometry (ND, 4 . . Provisional stenting
Burzotta et al. different stent . Silicon bifurcated Endeavor )
2014 [23] latf deploved mm proximal MV, 3.5 hantom (ND, ND) No (crossover stenting ND
atforms deploye antom :
’ . . p Y mm, 2.5 mm) P Resolute +POT)
with provisional (Medtronic)
stenting . Provisional stenting
Xience V (crossover stenting
(Abbott +POT + KBI)
Vascular)
To assess the 3 layers (constant Tryton (Tryton Provisional stenting
. biomechanical 1 geometry (45°, 3.28 thickness, Medical) Abaqus/Explicit
Morlacchi et al. . Culotte . .
2014 [24] influence provoked by mm, 2.78 mm, 2.44 homogeneous No Xience V (quasi-static
different stenting mm) isotropic hyperelastic (Abbott Tryton-based analysis)
procedures material) Vascular) Culotte
Geometry 1 (80°, 3.8 Resolute Provisional stenting
3 layers (constant : crossover stentin
Two compare two FKI mm, 2.9 mm, 2.75 \ih' k( Integrity ( POT 4 g Abaqus/Explicit
ickness, : aqus/Explici
Mortier et al. strategies for mm) (Medtronic) ) g i p'
. . homogeneous Yes conventional KBI) (quasi-static
2014 [25] concluding provisional  Geometry 2 (80°, 4.2 Omega (Boston

stenting technique

mm, 3.3 mm, 2.9
mm)

isotropic hyperelastic
material)

Scientific)

Multi-Link 8

Provisional stenting
(crossover stenting
+ POT + modified

analysis)
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Geometry 3 (40°, 3.8
mm, 2.9 mm, 2.75
mm)

(Abbott
Vascular)

KBI)

Raben et al. 2014
[26]

To compare different
stenting procedures

from the biomechanical

viewpoint. FEA of stent
deployment is used to
generate the fluid

domains for subsequent

CFD simulations

1 geometry (60°, 3.96
mm, 3.96 mm, 2.77
mm)

1 layers (constant
thickness,
homogeneous
isotropic linear
elastic material)

No

Endeavor
Resolute
(Medtronic)

Provisional stenting
Crush
Culotte

T-stenting with high
protrusion

Abaqus/Explicit
(quasi-static
analysis)

Arokiaraj et al.
2016 [30]

To investigate a novel

stent platform for the

treatment of coronary
bifurcations

1 geometry (60°, 3.2
mm, 2.7 mm, 2.3
mm)

3 layers (constant
thickness,
homogeneous
isotropic hyperelastic
material)

Yes, isotropic

hyperelastic model

Novel stent with
an interface of 3
nitinol-based
connection links
interposed in
the stent

Novel ‘tram’
technique (MB
stenting + SB
stenting)

Abaqus/Explicit
(quasi-static
analysis)

Chen et al. 2017
[27]

To investigate the
biomechanical impact
of provisional stenting
and balloon dilatation

on coronary bifurcation

1 geometry (ND)

ND

No

ND

Provisional stenting
(crossover stenting
+ KBI)

Abaqus/Standard

lannaccone et al.
2017 [28]

To investigate the
impact of bifurcation
angle, plaque
composition, and
procedural strategy on
SB compromise

Geometry 1 (45°, 3.3
mm, 2.8 mm, 2.1 mm,
non-planar)

Geometry 2 (70°, 3.3
mm, 2.8 mm, 2.1 mm,
non-planar)

3 layers (constant
thickness,
homogeneous
isotropic hyperelastic
material coupled
with a perfect

Yes, 4 scenarios: (i)
fully lipid, (ii) fully

fibrous, (iii) lipid
with a half-

calcified ring in the
distal MB, (iv) lipid

Multi-Link 8
(Abbott
Vascular)

Provisional stenting
(crossover stenting
+ post-dilatation)

Abaqus/Explicit
(quasi-static
analysis)
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plasticity model)

with a full-calcified
ring in the distal
MB

Isotropic
hyperelastic
material coupled
with a perfect
plasticity model

To investigate the

3 layers (constant

Tryton (Tryton

) impact of wrong 1 geometry (45°, 3.5 thickness, Medical) Abaqus/Explicit
Chiastra et al. itioni fth 276 4 h N Tryton-based ( i_stati
ositioning of the mm, 2.76 mm, 2. omogeneous o) i uasi-static
2018 [32] P 8 _ 108 _ LN Culotte a _
Tryton stent in coronary mm) isotropic hyperelastic (Abbott analysis)
bifurcations material) Vascular)
To evaluate the
influence of rewiring 3 layers (constant Tryton (Tryton
through one of the 1 geometry (45°, 3.5 thickness, Medical) Abaqus/Explicit
Grundeken et al. Tryton-based . .
panels of the Tryton mm, 2.76 mm, 2.4 homogeneous No Xience V (quasi-static
2018 [31] ] . ) ) Culotte .
device on stent mm) isotropic hyperelastic (Abbott analysis)
geometry and material) Vascular)
mechanics
To analyze the 3 layers (constant
. simultaneous kissing . thickness, Resolute . Abaqus/Explicit
Morris et al 2018 . . 1 geometry (60°, 4 . Simultaneous . .
stenting technique for homogeneous No Integrity (quasi-static

[29]

the treatment of the
left main bifurcation

mm, 3 mm, 2.5 mm)

isotropic hyperelastic
material)

kissing stentin
(Medtronic) & &

analysis)

Table legend: MB — main branch; SB — side branch; KBI — kissing balloon inflation; POT — proximal optimization technique; FEA — finite element analysis; CFD — computational fluid

dynamics; ND — not declared.
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Table 2. List of published studies on structural simulations of stent deployment in patient-specific coronary bifurcation models.

First author,
year [reference]

Aim

Bifurcation model

Number of cases
(imaging data)

Arterial wall
(material)

Plaque

Stent
platform(s)
(Manufacturer)

Stenting
techniques(s)

Solver (analysis
type)

Mortier et al.
2010 [34]

To compare the

biomechanical behavior

of different stent
designs in an image-
based coronary
bifurcation model

1 LM bifurcation
(Rotational
angiography)

3 layers (anisotropic
fiber-reinforced
hyperelastic material)

No

Cypher (Cordis)

Endeavor
Resolute
(Medtronic)

Taxus Liberté
(Boston
Scientific).

Direct stenting (LM-
LAD stenting)

Abaqus/Explicit
(quasi-static
analysis)

Morlacchi et al.
2013 [36]

To prove the feasibility
of performing patient-
specific structural
analyses of stent
deployment in image-
based atherosclerotic
coronary artery models

2 LAD with
bifurcations (CT +
conventional
angiography)

Single layer
(homogeneous
isotropic hyperelastic
material)

Yes, isotropic
hyperelastic model
coupled with a
perfect plasticity
model

Xience Prime
(Abbott
Vascular)

Endeavor
Resolute
(Medtronic)

Case 1: pre-
dilatation +
provisional stenting
with post-dilatation

Case 2: pre-
dilatation +
deployment of 2
stents in the MB

Abaqus/Explicit
(quasi-static
analysis)

Mortier et al.
2015 [37]

To prove the feasibility
of virtually replicating a
coronary stenting
procedure in a patient-
specific bifurcation
model

1 LM bifurcation (CT +
IVUS)

ND

ND

Xience Prime
(Abbott
Vascular)

Provisional stenting
(crossover stenting
+POT + KBI)

Abaqus/Explicit
(quasi-static
analysis)
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To compare different

. balloon delivery
Ragkousis et al.
systems for the

1 LM bifurcation
(conventional

2 layers
(homogeneous

No

Xience (Abbott . .
Direct stenting

Abaqus/Explicit
(quasi-static

2015 [35] . isotropic hyperelastic Vascular) .
treatment of coronary angiography + IVUS) . analysis)
. material)
arteries
To replicate the
complete procedure
followed by clinicians to Yes, soft and stiff Xience Prime
treat coronar 1 LAD with Single layer laque, isotropic
. . . . Y . . gleay g . P (Abbott . . Abaqus/Explicit
Chiastra et al. bifurcations using FEA bifurcation and 1 LCx (homogeneous hyperelastic model Vascular) Pre-dilatation + MB (  stati
uasi-static
2016 [38] of stent deployment. To  with bifurcation (CT+ isotropic hyperelastic coupled with a stenting d lysis)
; analysis
evaluate the reliability 0oCT) material) perfect plasticity Nobori y
model (Terumo)

of FEA in predicting
post-operative
geometric outcomes

Table legend: LM — left main coronary artery; LAD — left anterior descending coronary artery; LCx — left circumflex coronary artery; CT — computed tomography; MB — main

branch; IVUS — intravascular ultrasound; OCT — optical coherence tomography; KBI — kissing balloon inflation; POT — proximal optimization technique; FEA — finite element

analysis; ND — not declared.
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