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Treatment of coronary bifurcation lesions remains an ongoing challenge for interventional cardiologists. Stenting of

coronary bifurcations carries higher risk for in-stent restenosis, stent thrombosis, and recurrent clinical events. This

review summarizes the current evidence regarding application and use of biomechanical modeling in the study of stent

properties, local flow dynamics, and outcomes after percutaneous coronary interventions in bifurcation lesions.

Biomechanical modeling of bifurcation stenting involves computational simulations and in vitro bench testing using

subject-specific arterial geometries obtained from in vivo imaging. Biomechanical modeling has the potential to opti-

mize stenting strategies and stent design, thereby reducing adverse outcomes. Large-scale clinical studies are needed

to establish the translation of pre-clinical findings to the clinical arena. (J Am Coll Cardiol Intv 2015;8:1281–96)
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ABBR EV I A T I ON S

AND ACRONYMS

3D = 3-dimensional

CFD = computational fluid

dynamics

CT = computed tomography

ESS = endothelial shear stress

ISR = in-stent restenosis

KBI = kissing balloon inflation

Institute; r

Belvoir Pub

Harvard Cl

Cardiology)

Research In

WebMD (co

Amarin, As

Aventis, Th

received ho

have no re

Manuscript

Antoniadis et al. J A C C : C A R D I O V A S C U L A R I N T E R V E N T I O N S V O L . 8 , N O . 1 0 , 2 0 1 5

Biomechanical Modeling of Bifurcation Stenting A U G U S T 2 4 , 2 0 1 5 : 1 2 8 1 – 9 6

1282
T he advent of coronary artery stents
has undoubtedly ushered a new era
in interventional cardiology and

revolutionized the therapeutic management
of patients with coronary artery disease.
However, despite significant advances,
stents are known to have several shortcom-
ings and more comprehensive insights into
the complex in vivo stent-vascular interac-
tions are required. A significant proportion
of plaques develop in coronary bifurcation regions,
and percutaneous interventions to such lesions ac-
count for one-fifth of all coronary interventions (1).
Stents in bifurcations exhibit a predisposition to
higher rates of in-stent restenosis, thrombosis, and
recurrent adverse clinical events (2,3). Therefore,
the interventional management of bifurcation lesions
remains challenging and the ideal treatment strategy
is still elusive.

Locally disturbed blood flow is a major determi-
nant for the development and progression of athero-
sclerosis (4–6). In particular, low endothelial shear
stress (ESS) provokes molecular, cellular, and
vascular responses in atherosclerosis-prone sites,
leading to plaque initiation and progression toward a
more “vulnerable” profile via multiple mechanisms
and interactions (7,8). A detailed quantitative
appraisal of stent-induced alterations of blood flow
following bifurcation stenting plays a key role in un-
derstanding this complex geometry (9). This infor-
mation can facilitate the optimization of bifurcation
stenting techniques, stent design, and subsequent
reduction of adverse outcomes.

Studies in bifurcation stenting can be classified
into computational simulations and in vitro bench
testing. Computational simulations extend from
idealized simple geometries to more complex ana-
tomical representations of animal- and patient-
specific coronary artery geometries obtained from
in vivo imaging. Computer simulations can assess the
local hemodynamic microenvironment in bifur-
cations pre- and post-stenting, providing an insight
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into the role of local hemodynamic stresses on neo-
intimal hyperplasia and stent thrombosis. This review
summarizes the current literature on the use of
biomechanical modeling approaches to study stent
properties, local flow dynamics in stented regions,
and outcomes after percutaneous coronary in-
terventions with particular emphasis on bifurcation
stenting (Central Illustration). Animal studies corre-
lating biomechanical modeling with histopathology
findings as well as contemporary advances and chal-
lenges in patient-specific modeling for individualized
decision making are also discussed.

COMPUTATIONAL SIMULATIONS FOR

BIFURCATION STENTING OPTIMIZATION

RATIONALE AND GENERAL CHARACTERISTICS.

Computational simulations offer indispensable in-
formation into the biomechanical effects of stenting
and provide a framework for the quantitative
assessment of mechanical stresses and blood flow
dynamics in the diseased vascular segment (10–13).
Mechanical simulations of stents enable virtual
investigation of different bifurcation stenting tech-
niques and can help to evaluate stenting outcomes.
Recent advances in hardware and software have
boosted the applicability and predictive accuracy of
computer simulation studies in bifurcation stenting
by diminishing the time required for geometry gen-
eration, pre-processing, numerical solution, and
post-simulation data processing. Reconstruction of
accurate geometries, realistic boundary conditions,
and constitutive laws for material properties are
essential for accurate computational studies (14).
Whereas seminal reports in this field have employed
idealized conceptual geometrical models (15,16),
patient-specific models based on hybrid clinical cor-
onary imaging data have emerged in the recent years
(17–21). Processing of complex arterial geometries to
fit a computational grid is not a trivial undertaking.
A hybrid meshing method that combines tetrahedral
and hexahedral elements has been adopted to reduce
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CENTRAL ILLUSTRATION Biomechanical Modeling of Coronary Artery Bifurcation Stenting

Antoniadis, A.P. et al. J Am Coll Cardiol Intv. 2015; 8(10):1281–96.

Coronary bifurcations are prone to atherosclerosis and common targets of percutaneous coronary interventions. Computational simulations

and in vitro bench testing of coronary bifurcation stenting are anticipated to enhance our understanding of the pathophysiology of stent

restenosis and thrombosis and facilitate the optimization of stenting techniques and stent design.
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computational time when unstructured meshes are
employed (22). In general, unstructured meshes are
more widely used as they are easier to apply, but
structured meshes may accelerate numerical solution
and yield more precise results (23). The presence and
composition of plaque critically determine the me-
chanical behavior of the arterial wall and thus the
computational simulation results. Plaques exhibit a
large variation in their mechanical properties and this
is reflected in the constitutive laws used in plaque
modeling (24,25). Simplified models are commonly
used to study complex and dynamic structural
vascular phenomena and interactions (26–28). The
mechanical properties of stents and balloons extrac-
ted from medical imaging or from manufacturer
specifications can also be integrated into the compu-
tational models.

COMPUTATIONAL STENT SIMULATIONS FOR STENT

DESIGN. Virtual computer testing is an invaluable
resource for the early phase design of dedicated
bifurcation stent systems. Stent architectures can be
evaluated in a virtual manner, thereby significantly
reducing time and manufacturing costs. The proof-of-
concept and feasibility of this rationale has been
demonstrated in computer simulations of prospective
novel stents design, which successfully quantified the
effects of stent configuration and procedural param-
eters in stenting outcomes (29).

Moreover, in the current drug-eluting stent era, a
sophisticated and proactive understanding of how
drug elution occurs in space and time and how much
antiproliferative compound can be eluted from the
implanted device has become a fundamental issue
affecting clinical outcomes. Computer simulations
provide important insights in the drug delivery pat-
terns for different stent types and stenting tech-
niques in coronary bifurcations (30,31). As blood
circulates around struts, flow streamlines change
orientation and acquire secondary components in the
radial direction, which affects the transport of mole-
cules to the arterial layers (32). Optimal drug delivery
from stent scaffolds is a prerequisite for achieving
therapeutic drug concentrations in the wall and at the
same time abolishing the occurrence of adverse drug-
related side effects. Local pharmacodynamic and
pharmacokinetic properties of eluted compounds
in association with tissue retention profiles collec-
tively influence the efficacy of drug-eluting stents
(33). Comparative computational analyses combining
virtual stent implantation, computational fluid dy-
namics (CFD), and drug release kinetics have reported
differences in drug delivery to the main vessel and
side branch between different stenting techniques
(Figure 1) (31,34). This approach yielded useful infor-
mation, which may be clinically relevant in eval-
uating the effectiveness of side branch lesion
treatment and the influence of incomplete strut
apposition and stent overlap on drug delivery.

Although computer simulations may yield high
promise in expanding our understanding of bifurca-
tion stenting techniques, certain developmental steps
are required to fully unleash its potential in the
clinical settings. To date, no clear advantage of de-
dicated bifurcation stents over conventional stents
can be demonstrated on the basis of computer simu-
lations, in vitro bench testing, animal models, and
patient-specific modeling. However, performing a
simulated bifurcation stenting procedure within
a patient-specific model is feasible and attractive.
Such computational simulations have been validated
against in vitro bench testing and have shown good
agreement (35). This approach needs to be further
validated using post-interventional in vivo imaging
modalities in patients. The automatic and stream-
lined simulation process in conjunction with recent
hardware and software advances is expected to make
feasible the study of larger volumes of data in a time-
efficient manner.

COMPUTATIONAL STENT SIMULATIONS FOR THE

OPTIMIZATION OF KISSING BALLOON INFLATION.

Structural simulations have been particularly useful
in assessing the outcomes of kissing balloon inflation
(KBI) after bifurcation stenting strategies. Previous
studies have demonstrated that KBI may cause an
elliptic deformation and coating damage of the
proximal segment, altered strut configuration,
possible arterial injury at the side branch ostium, and
high wall stresses that may lead to arterial injury
(36,37). Therefore, a minimal balloon overlap was
suggested, which would diminish the elliptic defor-
mation after KBI (38). In addition, a short non-
compliant balloon in the proximal segment may
correct local stent deformation (39). A recent study in
54 computer-simulated stent deployments compared
the standard final KBI with a modified approach
where the side branch balloon was inflated first and
then both balloons were inflated simultaneously with
unequal pressures. This study demonstrated that the
modified technique for final KBI reduces the elliptical
stent deformation in the proximal main vessel and
optimizes the side branch access (40). Another study
compared KBI against dilation of the main vessel only
post single-stent deployment in arterial bifurcations.
Both approaches restored an optimal spatial stent
configuration in the main vessel and similar side
branch access. KBI resulted in higher stresses in the



FIGURE 1 Computer Simulations of Bifurcation Stenting

Computational analysis of provisional side branch stenting, conventional culotte, and Tryton-based culotte. (A) Virtual stent implantation,

(B) endothelial shear stress (ESS) calculation, (C) drug release analysis. Low ESS regions are denoted in red. The drug distribution in the

arterial wall of the coronary bifurcation was evaluated at 4 time points (1 h, 6 h, 24 h, 48 h) for each stenting technique. Reprinted with

permission from Morlacchi et al. (31). Pa ¼ Pascal.
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arterial wall during balloon inflation, making it less
favorable in a single-stent strategy (28).

Computer structural simulations were also used to
investigate the biomechanical influence of the final
KBI in provisional side branch stenting. Stresses
generated in the arterial wall by stent expansion and
hemodynamic forces on the intimal layer of the vessel
were examined before and after KBI. KBI resulted in
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almost 2.5� higher average wall stress than stent
deployment in the main vessel only. KBI was favor-
able, however, with respect to local blood flow pat-
terns for the side branch. Based on these simulations,
a new tapered balloon dedicated to bifurcation le-
sions was proposed to limit the structural damage
induced to the arterial wall and to enhance the local
ESS patterns (41).

Another study investigated the local hemodynamic
effects of KBI when access is performed through
proximal or distal side of the side branch (22). The
study showed that access of the side branch through
stent cells on the distal side of the side branch led to a
smaller area exposed to low ESS compared with ac-
cess to the proximal side of the side branch. This
finding provides the theoretical foundation to the
clinical experience of accessing the distal side of the
side branch when the provisional stenting strategy is
followed by KBI.

COMPUTATIONAL MODELING OF IN-STENT RESTENOSIS

AND STENT THROMBOSIS. Blood flow properties in
stented arterial segments contribute significantly to
the clinical outcomes following stenting. It has been
shown that low ESS, flow recirculation, and stagna-
tion decrease convective flux in the arterial wall,
resulting in local accumulation of biologically active
compounds (42–44). In animal models, areas of low
ESS between stent struts were associated with
more pronounced neointimal hyperplasia (45,46). In
humans, in-stent low-ESS regions colocalized with
increased neointimal thickness in bare-metal stents
and low ESS was associated with neointimal thick-
ness in drug-eluting stents (47). Bifurcation lesions
more frequently develop in-stent restenosis (ISR) as a
result of geometrical complexities causing disturbed
flow patterns (8). Stent placement per se further ex-
acerbates the adverse hemodynamic microenviron-
ment with strut dimensions and shape, directly
influencing the flow parameters and affecting stent
outcomes (43,48). Increased stent diameter relates
to ISR (49), and this likely occurs not only by in-
ducing arterial injury but also by creating a slow-flow
environment within the stent with low local ESS.
Notably, stent underexpansion also favors ISR as it
adversely affects local ESS by creating small gaps
between the struts and the arterial wall and
increasing flow resistance (46). Stent overlap also
relates to poor stent outcomes, and this effect might
be due to the unfavorable hemodynamic conditions
created locally in the overlapping stent segments
(7,50).

In addition to the well-known effects of ESS on
the endothelium, the wall stresses within the wall
may also play an important role in vessel injury and
remodeling (51). The stent struts cause stress con-
centrations as well as static stresses and strain in
the vessel wall that can lead to vessel injury,
inflammation, and cellular proliferation (52). It is
plausible that the biomechanical stresses act in
synergy (53). An inverse relation between ESS and
neointimal hyperplasia and a linear relation be-
tween wall stress and neointimal hyperplasia were
found. Of note, a linear association between the
ratio of wall stress to ESS and neointimal hyper-
plasia was noted, suggesting that both fluid and
solid mechanics influence the extent of neointimal
hyperplasia (53).

IN VITRO BENCH TESTING FOR

BIFURCATION STENTING OPTIMIZATION

RATIONALE AND GENERAL CHARACTERISTICS.

In vitro bench testing of bifurcation stenting involves
the deployment of 1 or more stents within an artificial
bifurcation model and visualization of the subse-
quent deformations of the lumen and stent. Studies
of this type have been extensively used to improve
our understanding of bifurcation stenting techniques
for many years (1,54,55). This investigational ap-
proach illustrates the realistic configuration of the
complex bifurcation stenting techniques with clear
visualization using high-resolution invasive imaging
(e.g., optical coherence tomography, intravascular
ultrasound) or noninvasive imaging (e.g., charge-
coupled device camera, endoscopy, scanning elec-
tron microscopy, and micro–computed tomography
(micro-CT) (56,57). Micro-CT provides clear images
with resolutions of 10 to 20 mm to enable a detailed
inspection of stent configuration, an impact of post-
dilation on stent deformations, and an evaluation of
different stenting techniques in a controlled and
reproducible environment. The images acquired are
processed to allow volume rendering, geometry
rotation, cut-plane views, and fly-through anima-
tions. Unlike clinical imaging modalities, in vitro
bench testing provides a thorough assessment of
stent deformations, strut apposition, and vascular
scaffolding. Furthermore, integration with CFD pro-
vides insights into the flow disturbances that may
account for the higher rates of restenosis and
thrombosis in coronary bifurcations.

In recent years, considerable progress has been
achieved in construction of anatomically accurate
in vitro bifurcation models. The initial rigid poly-
methyl methacrylate phantoms were replaced by
flexible silicone models. Also, the conventional
planar bifurcation models were gradually surrogated



FIGURE 2 In Vitro Bench Testing of Bifurcation Stenting

This figure highlights the importance of crossing the side branch through a distal cell of the main vessel stent to achieve good side branch

ostial opening after final kissing balloon inflation (KBI). Crossing the guidewire through a distal stent cell (A) optimizes the side branch

ostial area (B), whereas crossing through a proximal stent cell (C) leaves malapposed struts near the carina (D). Adapted with permission

from Foin et al. (65).
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by 3-dimensional (3D)-structured geometries created
by rapid prototyping technology. These 3D models
resemble the true arterial shape and take into account
the physiologic tapering in arterial dimensions from
proximal to distal locations, thereby representing
more closely the real vascular configuration (58).

IN VITRO BENCH TESTING FOR THE OPTIMIZATION

OF SIDE BRANCH RECROSSING, CRUSH, AND

CULOTTE STENTING. The characteristics of blood
flow in the left main bifurcation were assessed in a
3D silicone model adopted from a patient-specific
artery featuring similar elasticity and compliance.
Flow delay was noted at the lateral wall area
(which was more prominent in the distal post-
stenotic segment) and high flow at the flow-
divider region. Mini-crush stenting restored flow
patterns at the lateral walls but created new flow
disturbance at the carina in the area lacking strut
coverage and in the overdilated area close to the
main vessel ostium (59). Interestingly, it has been
reported that when the diseased side branch is
patent in a bifurcation lesion, the magnitude of ISR
in the main vessel is higher than when the side
branch is occluded (60). This observation may
be explained by the adverse local hemodynamics
that the side branch flow introduces and can
conceptually account for the nonapparent clinical
benefit after double stenting of bifurcation lesions
(61,62).

The optimal side branch ostial dilation through the
main vessel stent is critical to the overall stenting
results in bifurcation regions (63,64). In vitro testing
showed that the location of wire crossing in the main
vessel stent largely affects the outcomes of side
branch ostial dilation (64), and the current recom-
mendation is to recross through a distal cell of the
main vessel stent (39). Crossing through a proximal
cell results in unapposed struts in front of the carina,
reduction of the struts-free side branch ostial area,
and suboptimal scaffolding of the side branch ostium
(Figure 2) (56,58,65). The use of optical coherence
tomography to confirm the site of wire recrossing
significantly reduces the rate of strut malapposition



FIGURE 3 In Vitro Bench Testing of Bifurcation Stenting

Continued on the next page
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in these settings (66). However, in the case of crush
stenting, in vitro bench testing suggests that distal
cell recrossing should not be pursued as it induces
gaps in stent scaffolding of the side branch. These
gaps are the result of the guidewire following a short
course outside the side branch stent mesh before
entering the side branch stent area (58).

In vitro bench testing yielded important infor-
mation for the optimization of culotte stenting.
Culotte stenting is more appropriate in stents with
an open-cell-based architecture. In stent cells that
cannot be sufficiently enlarged, the use of a
balloon that exceeds the maximum stent diameter
leads to “napkin ring” stent deformation (i.e.,
restriction of stent expansion at the side branch
ostium) (57).

IN VITRO BENCH TESTING FOR THE OPTIMIZATION

OF KBI. In vitro models have been successfully used
to assess the best strategy for post-stenting KBI in
bifurcation regions. In a 3D left main bifurcation
model, differences in stent morphology were found
between long-overlapping and minimal-overlapping
KBI followed by proximal optimization (Figure 3)
(67). The differences were variable but specific for
each stent type. Another bench study demonstrated
that a 2-step KBI after crush stenting (i.e., where
a high pressure post-dilation in the side branch is
followed by simultaneous KBI) significantly reduced
the residual ostial stenosis compared with using sin-
gle KBI (58). Bifurcation in vitro stent models are
particularly useful in the assessment and prevention
of strut malapposition after KBI (68–70). During KBI,
the aggregate diameter of the 2 overlapping balloons
can exceed the main vessel reference diameter and
elicit an asymmetric stent expansion that can lead to
arterial overstretch and stent distortion in the prox-
imal main vessel (68,69). In vitro bench studies also
showed that sequential dilation of the side branch
and main vessel may be a possible alternative to KBI
(Figure 4) (54,69).

LIMITATIONS AND CHALLENGES OF IN VITRO

BENCH TESTING. In vitro bench testing has the
advantage of providing a realistic assessment of the
bifurcation geometry and stent properties and can be
applied in large-scale studies (58). However, there
are several shortcomings that necessitate further
consideration: 1) differences in elasticity between
in vitro vascular models and human coronary ar-
teries; 2) difficulty in the generation of an accurate
atherosclerotic coronary model with variable luminal
stenosis, plaque burden, and wall calcification;
3) incomplete representation of the complex 3D



Micro-computed tomography (micro-CT) study of the differences between long-

overlapping kissing balloon inflation (KBI) and minimal-overlapping KBI after implantation

of 4 new-generation drug-eluting stents (Resolute Integrity 3.0/22 mm, Medtronic, Santa

Rosa, California; Promus Element 3.0/24 mm, Boston Scientific, Natick, Massachusetts;

Nobori 3.0/18 mm, Terumo, Tokyo, Japan; and Xience V 3.0/23 mm, Abbott Vascular,

Santa Clara, California) in an in vitro model of left main bifurcation. (A) In the long-

overlapping approach, the stent balloon and a 3.0/15 mm post-dilation balloon were

positioned at the proximal stent edge (i) and inflated simultaneously (ii). (B) In the

minimal-overlapping approach, both balloons were positioned just proximal to the bifur-

cation (i) and inflated simultaneously (ii). The proximal main vessel was optimized with a

4.0/10 mm balloon (iii). Reprinted with permission from Murasato et al. (67). (C) Resolute

Integrity: Long-overlapping KBI led to less strut dilation at the proximal main vessel

compared with Promus Element and Nobori (arrows). Promus Element: Long-overlapping

KBI led to longitudinal stent strut deformation (arrows). Nobori: Long-overlapping KBI led

to oval-shaped dilation of the main vessel stent at the bifurcation region (arrow). Xience V:

Long-overlapping KBI maintained the 3-link structure of the stent at the proximal main

vessel (arrows) and induced inadequate strut expansion at the ostium of the side branch

(asterisk). Cross-sectional views demonstrate more oval-shaped dilation of the main

vessel stent at the bifurcation with long-overlapping KBI compared with minimal-

overlapping KBI in each stent type (courtesy of Dr. Murasato).

FIGURE 3 Continued
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structure of coronary bifurcations; and 4) insuffi-
cient representation of the effects of coronary artery
motion and deformations during the cardiac cycle on
bifurcation models, which precludes the inves-
tigation of the temporal strut deformations with
increasing inflation pressure. Furthermore, a widespread
application of micro-CT imaging has significant finan-
cial and time-related constraints.

The development of more advanced, patient-
specific modeling approaches aims to address these
limitations. Three-dimensional printing can produce
accurate models of the coronary vasculature in-
cluding bifurcations of any shape using materials that
have similar properties to the arterial wall (71).
Investigation of stent types, stenting techniques, and
outcomes in these realistic geometries are anticipated
to shed further light on optimal approaches for
bifurcation stenting.

BRIDGING THE GAP BETWEEN MODELS AND

HISTOLOGY: ANIMAL STUDIES

Animal studies provide a unique opportunity to
explore the association of stent modeling data with
real tissue pathology as examined by histological
methods. Specifically, porcine animal models were
used to investigate the association between locally
disturbed flow and neointimal hyperplasia after
stenting. Studies demonstrated that the localiza-
tion of in-stent neointimal hyperplasia follows the
pattern of boundary layer separation seen in in vitro
models (i.e., the lesions form immediately distal to
the ostium of the side branch and are highly eccen-
tric, with a maximum thickness at the lateral wall
of the main vessel). Histopathology assessment re-
vealed 2 distinct cellular regions within the stent:
1) an inner annular region (200 to 300 mm) populated
by dense smooth muscle cells; and 2) an outer cres-
centic region that is more prominent at the lateral
wall, rich in fibrin, and exhibiting neovascularization
(Figure 5) (60).

A study in swine coronary arteries evaluated the
use of micro-CT imaging in the assessment of the
morphology and configuration of a dedicated bifur-
cation stenting system (72). The proximal diameter
and area of the stents were higher than the respective
values for the distal stent edge and not very different
than the manufacturer’s values. The stent length was
shorter than the length provided by the manufacturer
in the majority of cases. This study highlighted the
use of micro-CT imaging for accurate visualization of
stent morphology and 3D configuration in bi-
furcations regions and may have important implica-
tions in stent design.
PATIENT-SPECIFIC COMPUTER MODELING OF

BIFURCATION STENTING

There is no doubt that both blood flow and solid
mechanics of the coronary arterial wall strongly rely
on vascular geometry. For this reason, an accurate
reconstruction of the patient-specific 3D geometry for
percutaneous coronary intervention is warranted.
In vivo coronary imaging is a particularly challenging
endeavor since small arterial caliber, 3D spatial
tortuosity, and cardiac motion create practical chal-
lenges. Although coronary angiography has tra-
ditionally been the most widely used method for
coronary imaging, other methods have emerged, such
as intravascular ultrasound, optical coherence to-
mography, coronary computed tomography angiog-
raphy, and magnetic resonance imaging. Novel
imaging modalities, in particular optical coherence
tomography, offer high-resolution imaging of the
coronary lumen and assessment of the composition of
the superficial plaque components, thereby serving as
the basis for more realistic CFD models and insightful
experimental investigations (73).

The various invasive and noninvasive methods are
complementary and collectively provide additional
information with regard to lumen shape, 3D anatomy,
plaque dimensions and composition, as well as stent
dimensions and strut position. Various combinations
of the preceding methods (hybrid imaging) are able
to produce highly accurate 3D reconstructions of
the coronary arteries to enable more realistic CFD
analyses, structural mechanical simulations, and



FIGURE 4 In Vitro Bench Testing of Bifurcation Stenting

Bench model testing to facilitate optimization of bifurcation stenting. (A) Deployment of a stent in the main vessel of the bifurcation model and

incomplete stent apposition proximal and at the sidebranchostium. (B)Dilation of the sidebranchwith a2.5-mmnoncompliant balloonproduces a

risk ofmalapposition opposite to the ostiumof the side branch (asterisk). (C)Kissingballoon inflationwith a 3.0-mmballoon in themain vessel and

a 2.5-mm balloon in the side branch simultaneously inflated at 10 atm. (D) Two-step sequential post-dilation of main vessel with a 3.75-mm

noncompliant balloon after side branch dilation. Adapted with permission from Foin et al. (69).
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fluid-structure interaction models (17,74–77). How-
ever, the simultaneous reconstruction of both the
artery and the stents in in vivo settings is still not
straightforward. Currently, only optical coherence
tomography permits a simultaneous clear visualiza-
tion of both the arterial wall and stents in vivo and such
methods of reconstructing true bifurcation geometry
are still under development (Figure 6) (78–80).



FIGURE 5 Animal Studies of Bifurcation Stenting

Study of in-stent restenosis after bifurcation stenting in a porcine model. (A) Serial cross sections along the bifurcation showing neointimal

hyperplasia along the lateral wall (blue dots). (B) Representative cross section showing high concentration of fibrin around the stent struts,

particularly on the lateral wall. (C) Smooth muscle cell a-actin immunostaining showing abundant smooth muscle cells inside along the

lumen circumference (dense brown area). (D) Verhoeff’s elastin immunostaining shows a cellular, dense region of relatively uniform thickness

(inside yellow circle) and an extracellular matrix-rich crescent region across the lateral wall. (E, F) False-colored enhancement of fibrin

concentration (green) highlights the increased neointimal hyperplasia at the lateral wall (E) versus at the flow divider (F). Adapted with

permission from Richter et al. (60).
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For the particular case of bifurcation lesions, the
3D geometry reconstruction is more efficiently
accomplished via coronary CT angiography (81). The
accuracy of CT-derived coronary lumen area in
comparison to intravascular ultrasound has recently
been validated in humans (82). The image segmen-
tation and cross-sectional area extraction algorithm
for reconstruction of coronary arteries proved to be
accurate enough for the determination of vessel and
lumen area, providing fundamental morphometric
data for patient-specific models to diagnose and
treat coronary artery disease. There are a number
of challenges that need to be addressed in future
CT angiography clinical studies: 1) image quality
influences the automatic segmentation and can
result in errors; 2) lesion appearance in the vascu-
lature can vary in intensity depending on plaque
constitution and can in turn affect image quality; 3)
a uniform threshold for segmentation is not
straightforward in CT images; and 4) disconnected



FIGURE 6 In Vivo Patient-Specific Modeling of Bifurcation Stenting

In vivo optical coherence tomography-based 3-dimensional (3D) reconstruction of bifurcation stenting in man. (A) Coronary angiography

demonstrates a lesion in the left anterior descending artery and first diagonal branch bifurcation. (B, C) Implantation of a self-expanding

dedicated bifurcation stent with an abluminal biodegradable coating (Axxess, Biosensors International, Morges, Switzerland). (D, E) Optical

coherence tomography evaluation of the final result. (F) 3D reconstruction of the stented bifurcation. (G, H) Endothelial shear stress (ESS) and

blood velocity distribution in the 3D reconstructed bifurcation showing that ESS and flow velocity are higher at the carina and lower at the

lateral walls. Reprinted with permission from Antoniadis et al. (78).
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gaps can create unsmoothness of vessels, and auto-
matic and manual correction of gaps is needed.

The introduction of numerical simulations of
mechanical stresses and flow in patient-derived
arterial geometries can significantly contribute to
the clinical translation of the early phase experi-
mental studies. Preliminary reports show the
biomechanical influence of stents deployment in
the coronary bifurcations during and after stenting
procedures. In particular, the straightening of
the arterial wall and the influence of 2 over-
lapping stents significantly affects the stress
fields. The presence of overlapping devices
proved to have major impact on both local struc-
tural and hemodynamic parameters (Figure 7)
(18,19).

Accurate reproduction of patient-specific coro-
nary anatomy in the complex bifurcation regions is
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feasible but currently requires a hybrid imaging
approach combining the fusion and combination of
multiple modalities. In terms of the translation of
pre-clinical findings in patient-oriented outcomes,
randomized clinical trials comparing stent geome-
tries and stenting techniques with respect to subse-
quent stent restenosis and thrombosis are
warranted. Such studies should include discrete
baseline and follow-up assessments. At baseline,
combined pre-intervention coronary imaging (either
noninvasive or invasive) with immediate post-
intervention imaging is required. Pre-intervention
imaging can be used for stenting simulations,
whereas post-intervention imaging can be used for
CFD and structural analysis of the stented arteries
for correlation with outcome. At follow-up, detailed
assessment of stent parameters as well as clin-
ical outcomes will identify cases of ISR and stent
FIGURE 7 In Vivo Patient-Specific Modeling of Bifurcation Stenting

Three-dimensional reconstruction of a stented left anterior descending ar

angiography and cardiac computed tomography angiography. (A) Endoth

computational fluid dynamics (low ESS is denoted in red). (B) Maximum

Reprinted with permission from Chiastra et al. (18) and Morlacchi et al.
thrombosis leading to adverse events. Integration of
this data and analysis will enable the identification
of local biomechanical factors that contribute to the
clinical outcomes and therefore set the stage for
improved clinical decision making by the physicians.
Although such studies demand resources and ef-
fort, the expected clinical benefits may justify the
investment.

CONCLUSIONS AND FUTURE PERSPECTIVES

Modeling approaches appear to be a fundamental
component toward the consummation of techniques
and devices for coronary bifurcation interventions.
Computer simulations and in vitro bench testing have
the potential to complement the in vivo morpholog-
ical (intravascular ultrasound, optical coherence to-
mography) and functional (fractional flow reserve)
tery including the diagonal branches using fusion of invasive coronary

elial shear stress (ESS) distribution in the reconstructed arteries using

principal stresses within the arterial wall of the stented segment.

(19). MPa ¼ Megapascal; Pa ¼ Pascal.



PERSPECTIVES

WHAT IS KNOWN? A large proportion of athero-

sclerotic plaques develop in coronary bifurcations,

and stenting in these regions carries higher risk for in-

stent restenosis, thrombosis, and recurrent clinical

events. Computer simulations and in vitro bench

testing can yield incremental information to the

anatomical and functional assessment of bifurcation

lesions in the catheterization laboratory, thereby

guiding percutaneous therapeutic strategies.

WHAT IS NEW? Biomechanical modeling can be

particularly useful in the study of stent behavior and

stent-wall interactions, optimization of stenting

techniques, and development of new generation

stents, ultimately improving clinical outcomes.

WHAT IS NEXT? Large-scale clinical studies are

warranted to investigate the translation of biome-

chanical modeling to daily clinical practice.
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assessment of coronary lesions in the catheterization
laboratory. Such modeling techniques may also be
applicable to other vascular beds, such as the com-
mon carotid artery bifurcation or the aortic bifurca-
tion into common iliac arteries, both of which are
common locations of atherosclerosis. Joint efforts
across multidisciplinary teams of interventional car-
diologists, biomedical engineers, and molecular bi-
ologists are anticipated to facilitate the effective
integration of rapidly emerging novel technologies
into clinical practice. In the challenging pursuit of
percutaneous treatment of bifurcation lesions,
modeling and simulation methods provide the op-
portunity to translate biomechanical engineering
breakthroughs into quantifiable and patient-oriented
clinical benefits.
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