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ABSTRACT

Coronary bifurcation lesions present complex challenges in interventional cardiology, necessitating effective stenting tech-
niques to achieve optimal results. This literature review comprehensively examines the application of computational and bench
testing methods in coronary bifurcation stenting, offering insights into procedural aspects, stent design considerations, and
patient-specific characteristics. Structural mechanics finite element analysis, computational fluid dynamics, and multi-objective
optimization are valuable tools for evaluating stenting strategies, including provisional side branch stenting and two-stenting
techniques. We highlight the impact of procedural factors, such as balloon positioning and rewiring techniques, and stent design
features on the outcome of percutaneous coronary interventions with stents. We discuss the importance of patient-specific char-
acteristics in deployment strategies, such as bifurcation angle and plaque properties. This understanding informs present and
future research and clinical practice on bifurcation stenting. Computational simulations are a continuously maturing advance
that has significantly enhanced stenting devices and techniques for coronary bifurcation lesions over the years. However, the
accurate account of patient-specific vessel and lesion characteristics, both in terms of anatomical and accurate physiological be-
havior, and their large variation between patients, remains a significant challenge in the field. In this context, advancements in
multi-objective optimization offer significant opportunities for refining stent design and procedural practices.

1 | Introduction to a partial or total blockage of the coronary lumen, resulting in

reduced blood flow and inadequate oxygen supply to the heart
Coronary artery disease (CAD) significantly reduces the quality [1]. The genesis of CAD is predominantly associated with the
of life with debilitating and even fatal consequences for more development of atherosclerosis, a plaque build-up in the arterial
than 154 million people worldwide every year [1, 2]. CAD leads ~ wall arising from long-term endothelial homeostasis alteration
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[3, 4]. Various risk factors intricately contribute to atheroscle-
rosis, encompassing systemic, biological, and biomechanical
aspects [5, 6]. Systemic factors, such as hypertension, diabetes,
and obesity, can activate inflammation mediators and disrupt
endothelium cells [6, 7]. Biological factors, including cholesterol
levels and genetic predisposition, further influence disease sus-
ceptibility [6]. Biomechanical hemodynamic factors are increas-
ingly recognized for their role in both onset and atherosclerotic
disease progression [6, 8]. However, these are not routinely
evaluated in clinical practice at present. Indeed, abnormal en-
dothelial shear stress (ESS), sensed by transmembrane flow-
dependent channels [6], is primarily recognized for its role in
the initiation and progression of atherosclerotic lesions [5, 8].

Percutaneous coronary intervention (PCI) with stents is the pre-
ferred treatment option to revascularize severely stenosed coro-
nary arteries, whereby a balloon-expandable stent is implanted
to restore the arterial lumen patency. Whilst advancements in
stent technology have progressed over time, from bare metallic
stents to ultra-thin drug-eluting stents (DES), their implanta-
tion can disrupt vessel geometry and flow conditions, regard-
less of their design [9-11], with abnormal ESS [12, 13]. ESS and,
in general, hemodynamic disturbances are further exacerbated
by stent malapposition [14], which can occur after deployment.
Stent insertion can also increase arterial stresses, which are an
indicator of arterial damage [15-17].

Furthermore, strong evidence exists that adverse flow condi-
tions and arterial damage have a direct effect on in-stent reste-
nosis (ISR), triggered through cellular responses, inflammation,
and neointimal proliferation processes within the stented region
[18-20]. Additionally, ESS is a critical factor in various mecha-
nisms contributing to in-stent thrombosis, further emphasizing
its significance in coronary bifurcation stenting [21-23].

PCI in coronary bifurcation lesions represents 15%-20% of all
stenting procedures [24, 25], with nearly half of these interven-
tions targeting the left main (LM) [26]. These are considered es-
pecially challenging [27] due to complex branching shape and
hemodynamics [11, 18], resulting in worse clinical outcomes
with respect to non-bifurcating regions, with rates of adverse
events being 19% versus 12%, respectively [28, 29]. As a result,
the management of complex bifurcation lesions is of signifi-
cant interest, but despite numerous clinical and computational
investigations it remains a topic of ongoing debate among ex-
perts [30]. A one-stent approach, known as provisional side
branch (PSB) technique, has demonstrated superior outcomes
in simple lesions [30] and thus is generally preferred in clinical
practice. Complex bifurcation lesions are marked by significant
side branch (SB) plaque and/or challenging anatomy, such as
extreme bifurcation angles, large diameter variations, or long,
wide-spread and severe lesions. Those lesions, which occur in
almost a third of all patients [31], might require further consid-
eration and generally necessitate a two-stent approach [32]. In
these scenarios, the lack of understanding of the role of vessel
and lesion characteristics in bifurcation stenting strategies be-
comes deleterious [33, 34].

This review examines the current state of stenting approaches
for bifurcation lesions and explores the influence of procedural
aspects, stent design and patient-specific characteristics on the

outcome of PCI with stents. Key methods are explored which
aid the exploration of bifurcation stenting outside of clinical tri-
als. Specifically, computational methods, including structural
mechanics finite element analysis (FEA), computational fluid
dynamics (CFD), and fluid-structure interaction (FSI), are first
described for the analysis of stent deployment and bifurcation
hemodynamics. Then, bench testing methods are introduced
and reviewed, before discussing subsequent emerging multi-
objective optimization (MOO) efforts in the context of coronary
stents. The review concludes by summarizing key findings, dis-
cussing the current state of the field, and identifying potential
opportunities for guiding clinical intervention strategies for bi-
furcation lesions.

2 | Coronary Bifurcation Stenting Strategies and
Their Ongoing Clinical Debates

PSB involves wiring both the main vessel (MV) and SB, deploy-
ing in the MV a single stent sized to the distal MV, jailing the
SB wire, and performing the proximal optimization technique
(POT) [35]. Additional SB intervention, including a rescue stent,
is only performed if the SB is at risk of occlusion [36] (Data S1).
PSB remains the preferred and most common strategy [37],
even for complex bifurcation lesions if the SB diseased region is
shorter than 10mm [28, 37, 38].

A significant area of debate in coronary bifurcation treatment
centers around if kissing balloon inflation (KBI) should be rou-
tinely used after MV stenting to reduce the risk of SB thrombo-
sis [39] (Figure 1). KBI consists in the simultaneous inflation
of two balloons in both the MV and SB [40]. KBI effectiveness
showed conflicted results, demonstrating both a reduction of SB
restenosis rates [41], and concerns regarding the increased risk
of MV restenosis [41, 42]. However, balloons with a short overlap
(<3mm) were shown to decrease target lesion revascularization
with respect to a longer overlap [43]. Additionally, bench testing
data showed that long balloon overlap when performing KBI is
associated with increased MV stent deformation, particularly
with wider bifurcation angles when compared to minimal bal-
loon overlap [40]. KBI helps clear stent struts from the SB os-
tium, but it may also cause overexpansion of the stent, resulting
in increased arterial damage and ellipticity [44]. To mitigate
these issues, POT can be employed. POT involves inflating a
short balloon to ensure proper apposition of the stent to the prox-
imal vessel wall and to restore the natural branching pattern at
the bifurcation site [25, 28, 45]. These diverse outcomes show the
complexity in choosing the intervention strategy and the neces-
sity for patient-specific treatment strategies [46]. Another core
debate revolves around the use of the POT-side-POT strategy
(Figure 1), involving sequential balloon inflations in the proxi-
mal MV, SB, and then the proximal MV again. Despite its com-
mon usage attributed to lower risks of adverse outcomes, this
strategy presents a concern regarding stent distortion, unlike
for the POT-KBI-POT technique [44, 47]. Furthermore, a critical
aspect of the clinical debate centers on the implementation of
various guidewire crossing strategies to address SB compromise
during stenting (Figure 1). SB compromise refers to the uninten-
tional blockage or narrowing of the SB following MV stenting
and can result from the displacement of the carina or the plaque
[48]. A detailed description of those techniques is reported
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FIGURE1 | Key clinical debates in coronary bifurcation stenting. (A) Deciding not to perform KBI after stenting will leave struts across the SB
ostium and can enhance flow disturbance and potentially lead to thrombotic or restenotic events, but dilation of the SB might lead to unfavorable
outcomes. (B) There is no conclusive evidence of superiority of SB dilation technique, including methods of POT-KBI-POT or POT-side-POT. (C)
There are various strategies aimed at mitigating SB compromise during stenting, but there is still a lack of extensive clinical data comparing these

methods. (D) There is conflicting evidence around which two-stent technique leads to better clinical outcomes. KBI: kissing balloon inflation; MV:

main vessel; POT: proximal optimization technique; SB: side branch.

elsewhere [49]. Polymer-coated guidewires have shown more
resistance to retrieval damage and quicker SB crossing com-
pared to non-polymer-coated wires, which are more suscepti-
ble to damage and can lead to procedural complications [50].
Although progress has been made in understanding SB dilata-
tion methods, especially regarding guidewire strategies, further
clinical data are needed to comprehensively compare their long-
term outcomes (Figure 1).

Elective two-stenting techniques, which involve the pre-planned
use of two stents in the treatment of the lesions [30, 51], are pre-
ferred in the case of complex bifurcation lesions characterized
by SB with large caliber and diffuse plaque [30, 32]. The spe-
cific stent deployment strategy in the SB and subsequent main
stent implant can vary significantly, especially in the way the
stents overlap. Most common techniques include the T, T-and-
protrusion (TAP), culotte, and crush variations such as double-
kissing crush (DKC) and nano-crush [24, 28, 52] (Data S2-S4).

Whilst DKC was proven to be superior to PSB in complex lesions
[53-55], there is only limited literature on the comparisons be-
tween two-stenting techniques. Specifically, DKC showed better
outcomes, in terms of reduction in target lesion revasculariza-
tion, cardiac death, and in-stent thrombosis, than culotte, crush,
and T/TAP techniques, especially in LM bifurcations [38, 56-58].
The classic crush technique showed no difference compared to
the culotte technique for both short (< 6 months) [59] and long-
term (> 12 months) outcomes [60, 61]. These findings may be af-
fected by the bifurcation angle [28], whereby acute bifurcation
angles lead to a greater quantity of metal at the carina, and ob-
tuse bifurcation angles to incomplete ostium strut coverage [62].
In fact, the culotte technique appears suitable for acute angles
<70° [63], and the T-technique for angles of approximately 90°
only to assure complete SB ostium coverage [64]. TAP was found
suitable for 70°-90° bifurcation angles [28], and DKC was shown
to perform well regardless of the bifurcation angle [28]. Besides

these studies, research to date has not yet determined overall
which of these two-stenting technique variations is preferable in
which scenario, with clear guidelines still missing. This is likely
due to a large variation of patient-specific anatomy and plaque
composition, as well as variability in experience and compe-
tence of the interventional operator. Australasian clinicians typ-
ically prefer the DKC approach, while European counterparts
favor the culotte technique. Furthermore, a lack of randomized
clinical data compounds the challenges. Hence, there is a clear
need for a better understanding of which technique variation
may be more suited to a specific lesion characteristic, and how
this knowledge may translate into clinical guidance and selec-
tion of interventional strategy.

3 | Methods for Stent Technique Evaluation and
Optimization

Computational methods have become important to understand
the complex relationship between stent, arterial wall, and blood
flow. Typically, a structural mechanics FEA and/or a blood fluid
dynamics CFD simulation is conducted. Structural mechanics
FEA allows evaluating the mechanical interplay between the
device and the arterial wall during each phase of the stent de-
ployment process through the calculation of stress and strain
distributions within the artery and the stent [65] (Figure 2). The
CFD approach employs numerical methods to solve the govern-
ing equations of fluid motion, commonly used for the analysis
of the post-deployment hemodynamics, including velocity, pres-
sure, and local hemodynamic features [73] (Figure 2). While it
is also possible to couple these methods in an FSI analysis, this
technique has not been employed in the context of bifurcation
stenting strategies but only in straight coronary artery stenting
[74, 75]. Even though computational methods may be time inten-
sive, they can be readily applied to a variety of cases, and are eas-
ily reproducible and controlled, thus providing detailed insights
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FIGURE2 | Main methods used to analyze stenting techniques (A) SMFEA models allow the simulation of each step of a stenting technique and

calculation of objectives of interest during deployment (adapted with permission from Arokiaraj et al. [66]). (B) CFD models allow the evaluation of

the hemodynamics after stent deployment at different time instants of the cardiac cycle (adapted with permission from Morris et al. [67]). (C) FSI
simulations combine structural mechanics and fluid dynamics models to take into account arterial wall compliance during the cardiac cycle (adapt-
ed with permission from Balzani et al. [68]). (D) Stented phantoms used for in vitro testing (bench testing) (adapted with permission from Chiastra
et al. [69]). CFD: computational fluid dynamics; FSI: fluid-structure interaction; SMFEA: structural mechanics finite element analysis; TAESS:

time-averaged endothelial shear stress [70-72].

that cannot be reliably captured with bench efforts or via clinical
trials [70]. Computational analysis helps clinical understanding
by revealing key aspects of stent behavior and hemodynamics,
complementing intracoronary imaging techniques such as intra-
vascular ultrasound and optical coherence tomography. By sim-
ulating various deployment scenarios, computational methods
allow for predicting stent-related complications, such as malap-
position, and identify potential areas of disturbed flow that may
contribute to thrombosis or ISR. Furthermore, modeling the
effects of different deployment techniques helps create tailored
treatment strategies to improve the success rates of bifurcation
stenting procedures. Imaging and computational modeling are
complementary approaches. While imaging data should be used
to validate the computational models, the models can also be

used to investigate the parameters that are difficult (if not im-
possible) to measure using intracoronary imaging. In contrast,
bench testing involves the implant of stent(s) in a bifurcation
replica or phantom (Figure 2) and is often used in conjunction
with CFD simulations. While useful for evaluating stenting
strategies, it lacks the ability to fully capture the nuances of stent
deployment and hemodynamics. All methods and their critical
studies are discussed as follows.

3.1 | Computational Simulations

Geometries of idealized coronary bifurcations and plaque are
usually generated through computer-aided design software
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using clinical data obtained from the literature. Patient-
specific coronary bifurcations are instead reconstructed from
the combination of optical coherence tomography, intravas-
cular ultrasound and/or computed tomography (CT) coro-
nary angiography images [76, 77], together with the deployed
stent [78, 79]. When stent virtual geometries are not available
from stent manufacturers, the geometries are usually recon-
structed from micro-CT images or from the manufacturer's
datasheet [80-84], while balloon geometries are usually gen-
erated to resemble commercial devices used in clinical prac-
tice [85-87].

The assumptions made and simplifications applied to develop
a computational model may significantly affect the accuracy
of the computed results. A key challenge remains the accu-
rate capture of the arterial wall and plaque properties; that
is, shape, composition and their mechanical properties [88].
For the hemodynamic description, blood is typically assumed
as an incompressible fluid with constant density and non-
Newtonian behavior, necessary when simulating stented re-
gions to accurately capture the near-stent-shear changes [73].
Choosing appropriate inlet and outlet boundary conditions is
an important consideration, greatly affecting the accuracy of
the model. Inlet boundary condition was often implemented
as a pulsatile blood flow set as a paraboloid-shaped veloc-
ity profile, with average flow rates obtained from literature
[12, 82, 89-91].

Computed outcomes from both CFD and structural mechanics
FEA simulations are important for assessing stent performance
and optimizing clinical outcomes in coronary bifurcation stent-
ing. Structural mechanics FEA allows the assessment of stent
expansion, strut malapposition, lumen gain, SB ostium clear-
ance, stent foreshortening, dogboning, and flexibility [92].
Meanwhile, CFD outcomes include the ESS and its cardiac cycle
time-averaged endothelial shear stress (TAESS), measuring
the blood's shear stress force imposed onto the endothelium,
the oscillatory shear index (OSI), a metric that quantifies the
directional changes of ESS [13], and the relative residence time
(RRT), which represents the duration of a blood particle's resi-
dence at the endothelium [13].

3.2 | Bench Testing

Bench testing is an effective in vitro method to investigate
the feasibility and efficacy of different stenting strategies for
bifurcation lesions (Figure 2) and involves the creation of a
physical bifurcation phantom [70, 71]. Originally, phantoms
were created from casting and molding techniques, offering
the possibility of creating transparent models and phantoms
with varying levels of rigidity, softness, or resistance [71].
This was achieved by using materials such as PMDS, MoldStar
15, EcoFlex 00-30, and DragonSkin [71]. The introduction of
modern techniques, such as 3D printing, has changed how
phantoms are currently made. Several types of 3D printing
technologies are available today, each with its own character-
istics. These include stereolithography (SLA), material jetting
(MJ), fused deposition modeling (FDM), and selective laser
sintering (SLS).

Casting and molding techniques can be cost-effective on a large
scale due to lower unit costs once molds are created. However,
higher costs may be involved in research settings requiring a
limited number of phantoms or patient-specific geometries,
where 3D printing offers faster and more economical solutions
[71]. Additionally, 3D printing is particularly advantageous for
creating complex geometries and patient-specific phantoms due
to its efficiency and customization capabilities [71].

After stent deployment within the phantom, micro-CT recon-
struction is often used to visualize and evaluate the stented ge-
ometry [93], providing valuable insights into stent expansion and
(mal)apposition, and strut deformation [93]. One of the key ad-
vantages of bench testing is the ability to control and standardize
the testing environment, eliminating the influence of anatomic
variability and the uncertainties in the mechanical properties.
This aspect facilitates the evaluation of different stenting strat-
egies and stent types, including the performance of ultra-thin
stents compared to thicker stents. However, there are limitations
to benchtop testing. Specifically, the presence of plaque is often
neglected [70, 81, 94-96], which inevitably affects the behavior
of the stent and thus results in a model with limited applicabil-
ity to clinical scenarios. In addition, despite some reports on
the fabrication of multilayered phantoms that closely resemble
the properties of both healthy [97], and diseased [98] coronary
arteries, replicating the complex patient-specific geometry of a
bifurcation remains challenging. This includes accurately rep-
resenting the compliance of carinas, which are usually made too
rigid compared to in vivo [70], thus not allowing the carina to
move after stent deployment. Hence, directing research efforts
toward identifying material and manufacturing solutions is cru-
cial in creating realistic bifurcation phantoms [70].

3.3 | Multi-Objective Optimization

Successful stenting necessitates a meticulous consideration
of multiple, often conflicting, conditions simultaneously. The
intricate interplay between various structural mechanics and
hemodynamic factors poses a challenge. To effectively address
these complexities, MOO emerges as a powerful tool. MOO is
a mathematical approach employed to tackle complex problems
involving multiple conflicting objectives. Rather than optimiz-
ing one objective while neglecting others, MOO aims to identify
solutions with the best trade-offs between different objectives
[99]. These solutions, known as non-dominated solutions, per-
form optimally in one objective without compromising perfor-
mance in other objectives [99]. From this set of non-dominated
solutions, the most suitable option can be selected. For instance,
in optimizing the thickness of a stent strut, MOO was used to
determine the ideal balance between radial support, flexibility,
and blood flow requirements [100].

When dealing with numerical simulations such as those in-
volved in coronary bifurcation stenting, evaluating the objec-
tive function for every design point in the search space can
be time and resource-intensive, and thus, surrogate models
are often coupled with MOO methods [99]. MOO used to ex-
plore improved stent design possibilities has been successful
for the optimization of stent drug release [101], stent design
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type [102], and optimization across stent design classes [100].
However, to the best of our knowledge, MOO has only been
applied once to optimize stenting strategies [103]. Other MOO
studies have been applied to stent design only, and their ap-
proaches, concepts and findings can infer conclusions rele-
vant to stent strategy research.

While MOO studies typically excluded experimental data due
to practical constraints, integrating bench testing could repre-
sent a significant advancement in this field. By experimentally
informing surrogate models, the need for validation inherent
in computational simulations can be avoided, thereby reducing
the uncertainties arising from model assumptions. Although yet
unexplored in the context of stenting techniques, the successful
application of this approach in other domains suggests its feasi-
bility and potential impact [104, 105].

4 | Stenting Evaluation and Optimization Findings

4.1 | Consideration of Single-Stent or Provisional
Side Branch Techniques

Computational methods to study the key success factors of
PSB (Figure 3) have been widely employed (Table 1) (Data S5).
Idealized geometries are commonly used, and plaque has
been considered in about half the literature to date. Plaque
geometry is usually idealized, and its material properties were
mostly represented using an isotropic hyperelastic model cou-
pled with perfect plasticity [48, 80, 85, 89, 90, 113]. Isotropic
hyperelastic models were commonly used for describing the
material behavior of the arterial wall [80, 82, 84, 112], and
one study replicated arterial anisotropic behavior, achieving
a good correlation with experimental data [86]. Balloon ge-
ometries studied to date commonly resembled commercially
available devices used in clinical practice. Their material prop-
erties were assumed to be isotropic and linear elastic and were
calibrated by comparing them with the pressure-diameter
relations provided by the manufacturers [48, 114]. Balloon
extremities are commonly radially constrained while leaving
circumferential and longitudinal directions free [80, 89]. After
crimping the stent, accomplished via a rigid surface controlled
by aradial displacement boundary condition, procedural steps
for PSB stenting are simulated according to the recommended
protocols. This includes bending balloons by applying rota-
tions to the extremities, marking the KBI step, and facilitating
insertion into the SB [80, 89]. Notably, interaction formula-
tions varied, with frictional contact [107], or frictionless con-
tact [112] being utilized in the models.

Limited studies achieved PSB stent deployment using bench test-
ing [81, 95, 108, 115]. Once the bench implanted stent was digi-
tally reconstructed after imaging, CFD simulations were used to
investigate the resulting blood flow disturbances from changes
in rewiring position [82], post-dilation strategies [81, 89, 106],
or stent oversizing [110]. Various methodologies have been em-
ployed to date (Table 1), but it is important to note that these
have typically looked at different aspects of coronary bifurca-
tion stenting techniques, making direct comparisons difficult.
However, studies focusing on similar topics generally reach con-
sistent conclusions. For example, regardless of methodological

differences, most studies agree that POT is more favorable than
KBI as the final PSB step [80, 81].

4.1.1 | Implant Technique

Implant techniques engulf all aspects of ballooning including
the choice of balloon and deployment strategy; that is position
and pressure, and wiring techniques throughout the procedure.
In fact, balloons and rewiring are two crucial factors that af-
fect stent deployment, especially in coronary bifurcations [44].
Balloons have been extensively studied [80, 89, 106], being an
essential component at every step of the intervention.

The optimal balloon diameter was found to be a trade-off be-
tween the stent element distortion and SB injury [112], indicat-
ing that a smaller balloon diameter would reduce SB injury but
might not adequately expand the stent at the SB ostium. Non-
uniform stent deployment can occur due to variations in balloon
thickness due to manufacturing variations, and eccentric align-
ment of the stent on the balloon [107]. While exhibiting similar
expansion behavior, five-fold balloons have a smaller diameter
after deflation compared with tri-fold ones, making them easier
to retrieve [107]. The ideal balloon length depends on the stent
length during deployment [107], with shorter balloons being pre-
ferred for POT [48]. Better POT results are also achieved when
balloon markers are located at the carina [83]. Computational
simulations showed that POT is more effective than final KBI
in reducing stent malapposition [81], inducing lower arterial
wall stresses and device plastic strains [80]. However, final
KBI reduces arterial circumferential stress compared to sim-
ple PSB [106], and can be further optimized by using a tapered
balloon [89], or non-simultaneous inflation [84]. Moreover, the
positioning of stent deployment can influence the percentage of
malapposed struts. In particular, a previous study considering a
commercial device implanted in three different locations with
respect to the first diagonal branch showed that the malappo-
sition rates decreased in the case of the most distal position-
ing [113].

In the event of long atherosclerotic plaques in one of the
branches, two overlapping stents are often deployed clini-
cally to achieve complete lumen patency [85]. However, both
structural mechanics FEA and CFD analyses have confirmed
that superimposed layers of struts are not a favorable feature
[85, 90]. Indeed, higher stresses in the arterial wall and in the
stent (close to the ultimate break stress) are generated in the
overlapping region [85], as well as higher areas of atherogenic
low ESS [90].

Rewiring into the SB has been considered using both CFD [82]
and bench testing [95], showcasing that distal recrossing of the
guidewire in open-cell stents optimizes the final KBI technique,
with more favorable ESS and lower malapposition rates [82, 95].
However, when the same research question was approached
from a structural perspective using structural mechanics FEA
simulations, considering stent and arterial stresses, a central
re-crossing was considered more favorable [80]. This suggests a
trade-off between stent and arterial stresses, favorable ESS, and
malapposition rates when aiming to identify an ideal technique
when rewiring the SB.
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Implant Technique
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FIGURE 3 | Key factors of PSB stenting success studied to date: procedural aspect, stent design, and patient-specific characteristics. POT: proxi-

mal optimization technique; PSB: provisional side branch; SB: side branch.

Bench efforts showed that obtaining full strut apposition was
unfeasible across stent types, highlighting the limits of conven-
tional stents in achieving optimal deployment [95]. Furthermore,
in vitro testing provided insights into the performance of the
POT-side-POT strategy when applied to polymeric and metallic
stents [108]. This technique effectively restored the physiologi-
cal branching pattern of the bifurcation phantoms, while mit-
igating malapposition and avoiding stent rupture, a common
occurrence with polymeric stents [108]. Particle image velocim-
etry was also used to experimentally evaluate post-stenting flow
dynamics [115]. Notably, PSB stenting resulted in low recircula-
tion areas, but was associated with high OSI and RRT and low
TAESS [115].

4.1.2 | Stent Design

The design of a stent directly impacts its mechanical charac-
teristics, which in turn influences the safety of the treatment.
The optimization of stent design, independent from the stenting
strategy, is commonly conducted through computational simu-
lations. Most research in this field has focused on assessing the
impact of various stent design characteristics, such as strut pro-
file [116], connector shapes [117], or combinations thereof [14],
whereby the mechanical behaviors of the stent, such as radial
recoil, dogboning, foreshortening, flexibility, and risk of arte-
rial damage, were modeled using structural mechanics FEA.
Specifically, larger strut widths improve radial strength and
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resist against recoil, but also increase the risk of vessel damage
[116]. Connector shape has a significant impact on flexibility
and on the stent and arterial stress [117]. More recently, CFD
simulations have highlighted the significance of incorporating
flow-related factors into stent design [100, 118]. Indeed, the ad-
verse impact of certain design characteristics can be alleviated
in combination with other design features. For instance, the
adverse hemodynamic effects, such as low ESS, resulting from
increased strut thickness can be mitigated by larger strut spac-
ing [14].

Despite extensive research in this field, there is limited analysis
on stent design in the context of coronary bifurcation stenting.
Most studies have focused on stent design for straight vessels as
reviewed elsewhere [119-121], and is outside the scope of this
literature review.

Computational simulations typically consider idealized and
non-diseased vessels, and there are limited studies with pa-
tient- or lesion-specific models to date [85, 86, 113] (Table 1).
Key findings include that thicker-strutted stents elevated arte-
rial stresses [86], and the use of an oversized stent may reduce
malapposition but also increases the likelihood of a carina shift
and arterial wall stresses [110]. Interestingly, malapposition is
often misconceived as a result of poor deployment only, however
malapposition rates are equally affected by stent design, because
different stent/strut geometries can interact differently with
the non-uniform coronary wall [113]. Generally, open-element
stents are preferred over closed-element designs due to their im-
proved SB access [112], and flexibility [86], inducing less arterial
damage. Accordingly, only open-element designs are currently
used in clinical practice [122]. There is no apparent difference in
malapposition rates and SB access for commercial open-element
stent designs [84, 95, 109]. Interestingly, the number of connec-
tors had no impact on the SB occlusion [84, 95], even though a
higher number of connectors is associated with improved stent
performance [17] and clinical outcomes [123, 124].

4.1.3 | Patient-Specific Characteristics: Bifurcation
Angle, Diameter, Plaque Composition

Coronary artery characteristics, such as bifurcation angle, ves-
sel caliber, and plaque composition, widely vary among people
(Figure 4) [125]. Ethnicity contributes, with the Asian popu-
lation tending to have overall smaller coronaries compared to
the Caucasian population [126]. Disease is commonly classified
using the Medina distribution (Figure 4) [127], where Medina 1,
1, 1 is the most common (35.5%), indicating plaque in the MV,
dominant daughter vessel and SB—respectively. This is fol-
lowed by 1, 1, 0 (26.8%) and 0, 1, 0 (10%), with 0, 0, 1 being the
least common (3.5%) in Caucasians [128]. Given this wide range
of patient-specific physiological and pathophysiological charac-
teristics, it becomes reasonable to argue that these need to be
considered when selecting a stenting strategy. Limited efforts
in this pursuit showed that when stenting a curved or tortuous
coronary artery, the compliance mismatch between the coro-
nary and the stent causes vessel straightening and may result in
an abrupt increase of ESS and arterial stresses at the stent ends
[85, 86, 113]. It was further found that the bifurcation angle may
impact SB access [48], however, the clinical literature still has no

consensus on the role of the bifurcation angle in PSB [129, 130].
When comparing stent deployments with and without plaque
in the SB, the presence of disease resulted in more unfavor-
able ESS and increased arterial damage in the SB [111] than in
disease-free counterparts. This suggests that plaque should be
included in virtual models to capture more realistic behavior,
as otherwise important physiological effects of ESS and arterial
stresses may be underestimated. Indeed, plaque composition af-
fects SB ostial access [48], with lipid and fibrous plaques having
almost no effect on SB dimensions due to their soft nature and
thus compliance, resulting in minimal resisting effects during
stent deployment. However, in the case of calcified plaques, the
plaque was pushed toward the SB ostium, resulting in severe SB
compromise with important volume and area lumen distortions
[48]. Plaque shape and location in the context of PSB stenting
have not been evaluated elsewhere.

4.1.4 | Multi-Objective Optimization of Stent Design

Considering multiple objectives simultaneously enables an
overall more comprehensive understanding of the often-
interdependent relationship between design variables and ob-
jectives. Consequently, MOO techniques are at the frontier of
stent design and strategy research to date (Figure 5). There are
existing studies that aimed to optimize coronary stent design
by considering multiple performance objectives, sometimes
with competing objectives [102, 131, 133]. One MOO approach
optimized stent deployment by considering balloon pressure
and diameter as design variables, suggesting a patient-specific
interventional protocol balancing arterial stress, stent malappo-
sition and volume average drug [103]. However, most MOO was
used to improve coronary stent designs for better performance,
whereby studies focused predominantly on structural mechan-
ics objectives [17, 102, 134-136], and limited attention has been
paid to the hemodynamic effects [137-139], while some inte-
grated both structural mechanics and hemodynamics aspects
[100, 140]. A limited number of studies explored drug-eluting
aspects [101, 103, 140].

Conflicting mechanical relationships between radial recoil and
vascular injury, as well as between bending and longitudinal
resistance, were observed [102]. Thin and long strut stents ex-
celled in minimizing vessel injury and bending resistance, but
they performed poorly in terms of radial recoil and longitudinal
resistance. Interestingly, minimal connector length improved
performance across all metrics against the baseline stent de-
sign [102], despite connectors being seldomly straight in clini-
cal practice [17]. Many structural mechanics MOO studies on
stent design aimed to improve the structural behavior of stents
while minimizing their thickness. Although lower thickness
was associated with higher rates of radial recoil [141], some
studies achieved decreased dogboning, foreshortening and ra-
dial recoil by reducing the strut and connector width [141, 142].
Furthermore, MOO was applied to enhance the structural re-
sponse of biodegradable polymeric and metallic coronary stents
[134, 143, 144].

Both rectangular and circular cross-section strut stents have
been optimized for hemodynamic and structural mechan-
ics objectives, with adverse hemodynamic performance of
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A. Coronary bifurcation shape description and variation
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FIGURE4 | (A)Shape description and variation of a LM bifurcation. The geometry values are obtained from the sum of the mean and 1SD values
for the population to describe the range of values for diameters and bifurcation angles [125]. (*) denotes angles A and C varying inversely with respect
to the mean, that is, on the left side, angle A corresponds to mean + SD. (B) Medina classification for bifurcation lesions. 0/1 indicates the absence/
presence of a stenosis in the bifurcation branch. LM: left main; LAD: left anterior descending; LCX: left circumflex; SD: standard deviation.

mechanically superior thicker struts being successfully offset
by a larger element spacing [100]. When considering hemody-
namics indicators only, semi-circular struts were optimized to
minimize recirculation areas and maximize fluid reattachment
length [138]. Additionally, optimization of ESS was achieved by
determining the optimal strut number for a given stent length
[139], while the optimal number of circumferential elements
was shown to depend on the intrastrut angle [138].

Incorporating drug metrics, such as volume average drug and
uniformity of drug distribution, provided valuable insights, in-
cluding the impact of stent design on drug distribution after de-
ployment. Notably, a wider strut is beneficial for drug delivery
but detrimental to other objectives, such as arterial stress [140].
MOO allowed the exploration and enhancement of the drug re-
lease kinetics of paclitaxel and sirolimus-eluting stents, leading
to proposed recommendations for improved drug delivery [101].
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A. Multi-objective optimization
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4.2 | Consideration of Two-Stenting Techniques

Studies on two-stenting techniques are limited and are pri-
marily based upon computationally idealized models without
plaque that incorporate a three-layered arterial wall and focus
on procedural aspects (Table 2). A complete and validated plat-
form to simulate one- and two-stenting techniques in patient-
specific coronary bifurcations achieved accurate replication of
the corresponding clinical case for stent deployment using PSB,
TAP, and culotte techniques [132]. Structural mechanics and
hemodynamic aspects were explored for DKC and nano-crush,
culotte, and TAP techniques. For instance, POT had a positive
hemodynamic effect on the nano-crush and T strategies, yet a
neutral and even negative impact on culotte and DKC, respec-
tively [145]. Distal balloon positioning for the final POT showed
improved hemodynamics in both DKC and nano-crush [146].

An effective variation to the classic DKC with nano-protrusion
was proposed to minimize flow alteration by the stent struts
[96]. Additionally, a novel implant strategy involving a cobalt-
chrome design in the main branch with a central part made of
nitinol and a different geometry was introduced to facilitate the
SB stenting [66]. This technique demonstrated the preservation
of the SB and lower stresses within the artery wall and stent
compared to other stenting techniques [66].

The role of patient-specific characteristics was considered in
only one study on the impact of the bifurcation angle on crush,
culotte, and T. The findings revealed that wider angles were as-
sociated with greater areas of slow flow and recirculation [150].
Compared with single stenting, the use of crush, culotte, and T
resulted in an increased metal-to-artery ratio and the formation
of a metallic neocarina, which overall altered the local hemody-
namics [150]. When considering all the techniques together, the
nano-crush and T techniques demonstrated superior flow condi-
tions, while DKC and culotte showed the least favorable hemody-
namic results [145]. PSB and culotte techniques were compared
with respect to the final drug distribution [148], demonstrating
that two DES significantly improved the effectiveness of the
drug delivery. The study also highlighted that the different
stenting techniques result in varied contact surfaces between
the stent and the artery, which strongly influences drug release.
The culotte technique exhibits a wide region of stent overlap,
leading to considerable drug loss in the bloodstream, whereas
one-stent cases show minimal drug loss due to better strut ap-
position [148]. A single study explored the simultaneous kissing
stent technique [67], whereby two balloon-expandable stents are
deployed at the same time in the MV and SB. Here, structural
mechanics FEA revealed minimal stent distortion and moder-
ate arterial stresses, and transient CFD showed predominantly

undisturbed blood flow with some recirculation areas [67]. In
contrast, the simultaneous kissing stent technique is not recom-
mended by the European Bifurcation Club due to the unpredict-
ability observed in clinical practice, including stent distortion,
arterial scaffolding, and the formation of a double-layer neoca-
rina [44].

The performance of the bifurcation-dedicated Tryton stent has
been studied before as the only dedicated bifurcation stent on
the market [87, 114, 147, 148, 151]. Its design is characterized
by an unconventional geometry that facilitates the stenting of
the SB through a culotte-like strategy. The recommended po-
sitioning achieved the highest SB diameter and lowest arterial
stress compared to a more distal or proximal positioning [87].
Rotational positioning did not significantly influence the stent
performance, but rewiring through the wrong panel increased
arterial damage [114]. The Tryton-based culotte technique had
a reduced metal-to-artery ratio and, as a result, a better hemo-
dynamic performance than a standard culotte [147]. Moreover,
the Tryton design demonstrated superior stent apposition and
more effective drug delivery compared with other techniques,
minimizing drug losses resulting from strut overlapping [148].

To date, bench testing is the most common way to achieve stent
deployment when evaluating two-stenting techniques. Using an
in vitro setup, the micro-CT stented phantom reconstructions
revealed that crush and culotte techniques improved scaffolding
but resulted in higher levels of malapposed struts compared to
TAP [94]. The crush and culotte techniques generated a greater
amount of metal due to the formation of a metallic neo-carina
and multiple layers of struts against the lateral wall, damaging
the polymeric coating [94]. Notably, when considering the crush
variation DKC, TAP, and DKC were found to achieve similar
malapposition rates and SB ostium clearance. Particle image
velocimetry considerations showed that culotte led to higher
TAESS and smaller areas of low and recirculating flow than
crush [115].

5 | Discussion and Outlook

The optimal treatment of coronary bifurcation lesions continues
to evolve. Clinical trials have proved the effectiveness of the PSB
technique in addressing simple lesions, whereas two-stenting
techniques have shown better outcomes for cases involving
complex diseased vasculature [32]. Bench testing has had a pri-
mary role in analyzing stenting techniques, and in the past two
decades, both structural mechanics and hemodynamic compu-
tational simulations have offered the ability to evaluate quan-
titative insights that would not have been achievable through

FIGURE 5 | Key frontiers in the field of computational simulation for coronary bifurcation stenting strategies. (A) Different strut designs can

be evaluated through multi-objective optimization. For example, different stress distributions can be obtained and optimized by varying the strut

characteristics. Multi-objective optimization, combined with surrogate models, will enable the improvement of stenting techniques through the si-
multaneous exploration of diverse scenarios. Image adapted with permission from Ribeiro et al. [131]. (B) Two different SB accesses were compared
to assess their impact on stenting outcome. Computational simulations offer a comprehensive approach to improve stenting outcome. Image adapted
with permission from Grundeken et al. [114]. (C) When comparing angiographical results and computational stenting, minimal differences were no-
ticed, thus validating computational patient-specific pre-clinical planning. Accurate reproduction of in vivo scenarios is achieved through numerical

models, opening to the feasibility of reliable, personalized clinical planning. Image adapted with permission from Zhao et al. [132].
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| (Continued)

TABLE 2

Coronary model

Plaque
presence

Geometry

Reference

Plaque material

Wall

()
PS

Stenting technique

Type
BT+SMFEA + CFD

Focus

Zhao et al. [132]

Isotropic hyperelastic

Yes

Isotropic hyper-elastic

PSB + TAP + culotte

Novel computational

with plaque
reconstruction

platform for PS stenting

planning

from OCT

Brindise
et al. [115]

PDMS-Sylgard 184 No

14

PSB + culotte + crush

BT

Experimental

investigation of stented

hemodynamics

Abbreviations: BT: bench testing; CFD: computational fluid dynamics; DKC: double-kissing crush; I: idealized; OCT: optical coherence tomography; POT: proximal optimization technique; PS: patient-specific; PSB: provisional side

branch; SMFEA: structural mechanics finite element analysis; TAP: T-and-protrusion.

in vitro or in vivo experiments alone, such as arterial injury
or ESS.

This review highlights the extensive use of investigations to
comprehend the dynamics of the coronary bifurcated artery,
stent, and blood flow during and after deployment. Their find-
ings have contributed to the improvement of stenting techniques,
such as the determination of the optimal balloon positioning, the
importance of SB rewiring positioning, or the superiority of POT
over the KBI [46], resulting in consensus guidelines by interven-
tional cardiologists, such as those of the European Bifurcation
Club [30, 152].

We discussed relevant methods for the investigation of stent-
ing techniques to delineate which may be best suited for which
patient-specific scenario. Key challenges with the use of these
methods persist. Specifically, the fidelity of the model, physical
or virtual, plays a crucial role in the reliability of the results.
The account of plaque shape and composition and its variability
within and between patients remains an ongoing bottleneck in
the field. In fact, most studies neglected plaque altogether, form-
ing a persisting drawback in the literature to date, despite the
demonstrated significant impact of plaques. In addition, most
models consider planar bifurcations, disregarding the three-
dimensionally curved nature of coronaries, which also have
been shown to impose important alternations and thus mitigate
the applicability of many current observations. To date, these
challenges can mainly be attributed to the lack of large compu-
tational resources. In fact, when evaluating scenarios involving
multiple stent implantations, where numerous struts interact
with the surrounding environment, the analysis demands mil-
lions of discretized elements. These elements are frequently
computed over finely spaced time steps to achieve reliable re-
sults. Consequently, there is a significant rise in computational
time, which is amplified with each additional aspect integrated
into the model, such as multi-material properties of plaques,
vessel characteristics, or patient-specific variations. In vitro test-
ing is limited by its high costs, particularly in achieving a large
number of phantoms with softer material properties and plaque.

Drug-eluting balloons (DEB) have emerged as a promising treat-
ment for ISR, delivering anti-proliferative drugs directly to the
lesion site without adding another stent layer. This approach has
shown effectiveness, particularly in smaller vessels or in cases
where additional stents may induce further restenosis [153].
Recent data demonstrated lower major adverse cardiac events
at 12months with hybrid strategies combining DES in the MV
and DEB in the SB for non-complex, true bifurcation lesions
[154]. Further research is needed to explore fully stent-free in-
terventions for bifurcation lesions. Computational modeling can
enhance our understanding of DEB performance in complex bi-
furcation lesions, offering insights into its interactions with the
arterial wall and blood flow dynamics.

Surrogate models have elevated computational testing and, as a
result, offer significant advantages for this field. By accurately
approximating the relationship between variables and objec-
tives, surrogate models notably decrease the number of sim-
ulations required to evaluate a wide range of scenarios. This
reduction in computational burden is particularly beneficial for
MOO, which has great potential but has been applied commonly
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to stent design optimization and only once to stent strategy op-
timization to date due to its complexity. Through the literature,
we highlighted MOO's potential in this context, which offers op-
portunities to explore implant techniques with their multitude
of influencing factors and potentially competing trade-offs, thus
advancing the field toward a more personalized, granular direc-
tion. Indeed, MOO can help reduce the time required to investi-
gate numerous scenarios simultaneously, but its effectiveness is
still partially dependent on the available resources.

As numerical simulations continue to advance in speed, cost-
effectiveness, and accessibility; this technique may even be ap-
plied to devise optimal interventional strategies tailored to each
patient-specific case and may be validated with bench efforts
and tailored platforms.

Author Contributions

Andrea Colombo and Susann Beier: conceptualization. Andrea
Colombo: literature search. Andrea Colombo: writing - origi-
nal draft preparation. Susann Beier, Claudio Chiastra, Diego
Gallo, Tapabrata Ray, Nigel Jepson, Poay Huan Loh, Socrates
Dokos, Mingzi Zhang, Hamed Keramati, Dario Carbonaro, and
Francesco Migliavacca: writing - critical review of the draft.

Acknowledgments

Open access publishing facilitated by University of New South Wales,
as part of the Wiley - University of New South Wales agreement via the
Council of Australian University Librarians.

Ethics Statement

The authors have nothing to report.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Data sharing not applicable to this article as no datasets were generated
or analysed during the current study.

References

1. R. Bauersachs, U. Zeymer, J. B. Briere, C. Marre, K. Bowrin, and M.
Huelsebeck, “Burden of Coronary Artery Disease and Peripheral Artery
Disease: A Literature Review,” Cardiovascular Therapeutics 2019 (2019):
8295054, https://doi.org/10.1155/2019/8295054.

2. M. Mack and A. Gopal, “Epidemiology, Traditional and Novel Risk
Factors in Coronary Artery Disease,” Heart Failure Clinics 12 (2016):
1-10, https://doi.org/10.1016/j.hfc.2015.08.002.

3.S. Glagov, E. Weisenberg, C. K. Zarins, R. Stankunavicius, and G.
J. Kolettis, “Compensatory Enlargement of Human Atherosclerotic
Coronary Arteries,” New England Journal of Medicine 316 (1987): 1371-
1375, https://doi.org/10.1056/nejm198705283162204.

4.T. B. Clarkson, R. W. Prichard, T. M. Morgan, G. S. Petrick, and K.
P. Klein, “Remodeling of Coronary Arteries in Human and Nonhuman
Primates,” Journal of the American Medical Association 271 (1994): 289-
294, https://doi.org/10.1001/jama.1994.03510280051032.

5. U. Morbiducci, A. M. Kok, B. R. Kwak, P. H. Stone, D. A. Steinman, and
J. J. Wentzel, “Atherosclerosis at Arterial Bifurcations: Evidence for the

Role of Haemodynamics and Geometry,” Thrombosis and Haemostasis
115 (2016): 484-492, https://doi.org/10.1160/TH15-07-0597.

6. P. Libby, J. E. Buring, L. Badimon, et al., “Atherosclerosis,” Nature
Reviews Disease Primers 5 (2019): 56, https://doi.org/10.1038/s4157
2-019-0106-z.

7.P. Libby and P. Theroux, “Pathophysiology of Coronary Artery
Disease,” Circulation 111 (2005): 3481-3488, https://doi.org/10.1161/
CIRCULATIONAHA.105.537878.

8. B. R. Kwak, M. Bick, M.-L. Bochaton-Piallat, et al., “Biomechanical
Factors in Atherosclerosis: Mechanisms and Clinical Implications,”
European Heart Journal 35 (2014): 3013-3020, https://doi.org/10.1093/
eurheartj/ehu3s3.

9.J. F. LaDisa, Jr., A. Ghorbannia, D. S. Marks, P. Mason, and H. Otake,
“Advancements and Opportunities in Characterizing Patient-Specific
Wall Shear Stress Imposed by Coronary Artery Stenting,” Fluids 7
(2022): 325, https://doi.org/10.3390/fluids7100325.

10. S. Beier, J. Ormiston, M. Webster, et al., “Impact of Bifurcation Angle
and Other Anatomical Characteristics on Blood Flow-A Computational
Study of Non-Stented and Stented Coronary Arteries,” Journal of
Biomechanics 49 (2016): 1570-1582, https://doi.org/10.1016/j.jbiomech.
2016.03.038.

11. C. Shen, R. Gharleghi, D. D. Li, M. Stevens, S. Dokos, and S. Beier,
“Secondary Flow in Bifurcations - Important Effects of Curvature,
Bifurcation Angle and Stents,” Journal of Biomechanics 129 (2021):
110755, https://doi.org/10.1016/j.jbiomech.2021.110755.

12. S. Migliori, R. Rampat, M. Bologna, et al., “A Patient-Specific Study
Investigating the Relation Between Coronary Hemodynamics and
Neo-Intimal Thickening After Bifurcation Stenting With a Polymeric
Bioresorbable Scaffold,” Applied Sciences 8 (2018): 1510, https://doi.org/
10.3390/app8091510.

13. L. Genuardi, Y. S. Chatzizisis, C. Chiastra, et al., “Local Fluid
Dynamics in Patients With Bifurcated Coronary Lesions Undergoing
Percutaneous Coronary Interventions,” Cardiology Journal 28 (2021):
321-329, https://doi.org/10.5603/CJ.a2020.0024.

14. S. Beier, J. Ormiston, M. Webster, et al., “Hemodynamics in Idealized
Stented Coronary Arteries: Important Stent Design Considerations,”
Annals of Biomedical Engineering 44 (2016): 315-329, https://doi.org/10.
1007/s10439-015-1387-3.

15. L. H. Timmins, M. W. Miller, F. J. Clubb, Jr.,, and J. E. Moore, Jr.,
“Increased Artery Wall Stress Post-Stenting Leads to Greater Intimal
Thickening,” Laboratory Investigation 91 (2011): 955-967, https://doi.
org/10.1038/labinvest.2011.57.

16. M. Ullah, A. Wahab, S. U. Khan, et al., “Stent as a Novel Technology
for Coronary Artery Disease and Their Clinical Manifestation,” Current
Problems in Cardiology 48 (2023): 101415, https://doi.org/10.1016/j.
cpcardiol.2022.101415.

17. A. Kapoor, N. Jepson, N. W. Bressloff, P. Loh, T. Ray, and S. Beier,
“The Road to the Ideal Stent: A Review of Stent Design Optimisation
Methods, Findings, and Opportunities,” Materials & Design 237 (2023):
112556, https://doi.org/10.1016/j.matdes.2023.112556.

18. K. C. Koskinas, Y. S. Chatzizisis, A. P. Antoniadis, and G. D.
Giannoglou, “Role of Endothelial Shear Stress in Stent Restenosis
and Thrombosis: Pathophysiologic Mechanisms and Implications for
Clinical Translation,” Journal of the American College of Cardiology 59
(2012): 1337-1349, https://doi.org/10.1016/j.jacc.2011.10.903.

19.J. Ng, C. V. Bourantas, R. Torii, et al., “Local Hemodynamic
Forces After Stenting: Implications on Restenosis and Thrombosis,”
Arteriosclerosis, Thrombosis, and Vascular Biology 37 (2017): 2231-2242,
https://doi.org/10.1161/ATVBAHA.117.309728.

20.C. V. Bourantas, M. I. Papafaklis, L. Lakkas, et al., “Fusion of
Optical Coherence Tomographic and Angiographic Data for More
Accurate Evaluation of the Endothelial Shear Stress Patterns and

16 of 21

International Journal for Numerical Methods in Biomedical Engineering, 2025

510117 SUOLLILIOD SA1IE810 3 et idde a1 Aq peuienob a2 a1 WO ‘38N J0 SaIN1 10 AIRIGITBUIIUO /311 O (SUOIPUOD-PUE-SUWLSY W00 A3 | ARe.q 16U 1|Uo//Sdiiu) SUOBIPUOD PLe S 1 8L 395 *[G202/80/2T] U0 ArIqIT2UIIUO /311 1R1IRLRIR0D Ad 0000 WLD/ZO0T OT/10P/L0D™Aa| A ARRiq1BU1|UO//SANY WOy PapeolumMoq ‘€ ‘G20z ‘v6.070Z


https://doi.org/10.1155/2019/8295054
https://doi.org/10.1016/j.hfc.2015.08.002
https://doi.org/10.1056/nejm198705283162204
https://doi.org/10.1001/jama.1994.03510280051032
https://doi.org/10.1160/TH15-07-0597
https://doi.org/10.1038/s41572-019-0106-z
https://doi.org/10.1038/s41572-019-0106-z
https://doi.org/10.1161/CIRCULATIONAHA.105.537878
https://doi.org/10.1161/CIRCULATIONAHA.105.537878
https://doi.org/10.1093/eurheartj/ehu353
https://doi.org/10.1093/eurheartj/ehu353
https://doi.org/10.3390/fluids7100325
https://doi.org/10.1016/j.jbiomech.2016.03.038
https://doi.org/10.1016/j.jbiomech.2016.03.038
https://doi.org/10.1016/j.jbiomech.2021.110755
https://doi.org/10.3390/app8091510
https://doi.org/10.3390/app8091510
https://doi.org/10.5603/CJ.a2020.0024
https://doi.org/10.1007/s10439-015-1387-3
https://doi.org/10.1007/s10439-015-1387-3
https://doi.org/10.1038/labinvest.2011.57
https://doi.org/10.1038/labinvest.2011.57
https://doi.org/10.1016/j.cpcardiol.2022.101415
https://doi.org/10.1016/j.cpcardiol.2022.101415
https://doi.org/10.1016/j.matdes.2023.112556
https://doi.org/10.1016/j.jacc.2011.10.903
https://doi.org/10.1161/ATVBAHA.117.309728

Neointimal Distribution After Bioresorbable Scaffold Implantation:
Comparison With Intravascular Ultrasound-Derived Reconstructions,”
International Journal of Cardiovascular Imaging 30 (2014): 485-494,
https://doi.org/10.1007/s10554-014-0374-3.

21. G. Katz, B. Harchandani, and B. Shah, “Drug-Eluting Stents: The
Past, Present, and Future,” Current Atherosclerosis Reports 17 (2015): 11,
https://doi.org/10.1007/s11883-014-0485-2.

22.7Z. Qu, H. Wei, T. Du, and A. Qiao, “Computational Simulation of
Stent Thrombosis Induced by Various Degrees of Stent Malapposition,”
Frontiers in Bioengineering and Biotechnology 10 (2022): 1062529,
https://doi.org/10.3389/fbioe.2022.1062529.

23.S. He, W. Liu, K. Qu, et al., “Effects of Different Positions of
Intravascular Stent Implantation in Stenosed Vessels on In-Stent
Restenosis: An Experimental and Numerical Simulation Study,” Journal
of Biomechanics 113 (2020): 110089, https://doi.org/10.1016/j.jbiomech.
2020.110089.

24.S. K. Aedma, A. Naik, and A. Kanmanthareddy, “Coronary
Bifurcation Stenting: Review of Current Techniques and Evidence,”
Current Cardiology Reviews 19 (2022): e060422203185, https://doi.org/
10.2174/1573403x18666220406113517.

25.]. F. Lassen, N. R. Holm, A. Banning, et al., “Percutaneous Coronary
Intervention for Coronary Bifurcation Disease: 11th Consensus
Document From the European Bifurcation Club,” Eurolntervention 12
(2016): 38-46, https://doi.org/10.4244/E1JV12I1A7.

26. M. Ragosta, “Left Main Coronary Artery Disease: Importance,
Diagnosis, Assessment, and Management,” Current Problems in
Cardiology 40 (2015): 93-126, https://doi.org/10.1016/j.cpcardiol.2014.
11.003.

27.F.J.Sawaya, T. Lefévre, B. Chevalier, et al., “Contemporary Approach
to Coronary Bifurcation Lesion Treatment,” JACC: Cardiovascular
Interventions 9 (2016): 1861-1878, https://doi.org/10.1016/j.jcin.2016.
06.056.

28.T. Kirat, “Fundamentals of Percutaneous Coronary Bifurcation
Interventions,” World Journal of Cardiology 14 (2022): 108, https://doi.
org/10.4330/wjc.v14.i3.108.

29.F. Burzotta, U. Annone, L. Paraggio, et al., “Clinical Outcome
After Percutaneous Coronary Intervention With Drug-Eluting Stent
in Bifurcation and Nonbifurcation Lesions: A Meta-Analysis of 23 981
Patients,” Coronary Artery Disease 31 (2020): 438-445, https://doi.org/
10.1097/MCA.0000000000000847.

30.J. F. Lassen, R. Albiero, T. W. Johnson, et al.,, “Treatment of
Coronary Bifurcation Lesions, Part II: Implanting Two Stents. The
16th Expert Consensus Document of the European Bifurcation Club,”
Eurolntervention 18 (2022): 457-470, https://doi.org/10.4244/E1J-D-22-
00166.

31.J. Wang, C. Guan, J. Chen, et al., “Validation of Bifurcation
Definition Criteria and Comparison of Stenting Strategies in True Left
Main Bifurcation Lesions,” Scientific Reports 10 (2020): 10461, https://
doi.org/10.1038/s41598-020-67369-9.

32.J.J.Zhang, F.Ye, K. Xu, etal., “Multicentre, Randomized Comparison
of Two-Stent and Provisional Stenting Techniques in Patients With
Complex Coronary Bifurcation Lesions: The DEFINITION II Trial,”
European Heart Journal 41 (2020): 2523-2536, https://doi.org/10.1093/
eurheartj/ehaa543.

33.C. E. Raphael and P. D. O'Kane, “Contemporary Approaches
to Bifurcation Stenting,” JRSM Cardiovascular Disease 10 (2021):
2048004021992190, https://doi.org/10.1177/2048004021992190.

34.S.-L. Chen, I. Sheiban, B. Xu, et al., “Impact of the Complexity of
Bifurcation Lesions Treated With Drug-Eluting Stents: The DEFINITION
Study (Definitions and Impact of complEx biFurcation lesIons on Clinical
Outcomes After percutaNeous Coronary IntervenTIOn Using Drug-
Eluting steNts),” JACC: Cardiovascular Interventions 7 (2014): 1266-1276,
https://doi.org/10.1016/j.jcin.2014.04.026.

35. M. Pan, J. F. Lassen, F. Burzotta, et al., “The 17th Expert Consensus
Document of the European Bifurcation Club-Techniques to Preserve
Access to the Side Branch During Stepwise Provisional Stenting,”
Eurolntervention: Journal OF EuroPCR in Collaboration with the
Working Group on Interventional Cardiology of the European Society of
Cardiology 19 (2023): 26-36, https://doi.org/10.4244/E1J-D-23-00124.

36.J. F. Lassen, F. Burzotta, A. P. Banning, et al., “Percutaneous
Coronary Intervention for the Left Main Stem and Other Bifurcation
Lesions: 12th Consensus Document From the European Bifurcation
Club,” Eurolntervention 13 (2018): 1540-1553, https://doi.org/10.4244/
E1J-D-17-00622.

37.T.J. Ford, P. McCartney, D. Corcoran, et al., “Single-Versus 2-Stent
Strategies for Coronary Bifurcation Lesions: A Systematic Review and
Meta-Analysis of Randomized Trials With Long-Term Follow-Up,”
Journal of the American Heart Association 7 (2018): e008730, https://
doi.org/10.1161/jaha.118.008730.

38. F.-J. Neumann, M. Sousa-Uva, A. Ahlsson, et al., “2018 ESC/EACTS
Guidelines on Myocardial Revascularization,” European Heart Journal
40 (2018): 87-165, https://doi.org/10.1093/eurheartj/ehy394.

39. H. Hariki, T. Shinke, H. Otake, et al., “Potential Benefit of Final
Kissing Balloon Inflation After Single Stenting for the Treatment of
Bifurcation Lesions-Insights From Optical Coherence Tomography
Observations,” Circulation Journal 77 (2013): 1193-1201, https://doi.
org/10.1253/circj.cj-12-0848.

40.Y. Murasato, K. Iwasaki, T. Yamamoto, et al., “Optimal Kissing
Balloon Inflation After Single-Stent Deployment in a Coronary
Bifurcation Model,” Eurolntervention 10 (2014): 934-941, https://doi.
org/10.4244/EI1JV10I8A160.

41. M. Zhong, B. Tang, Q. Zhao, J. Cheng, Q. Jin, and S. Fu, “Should
Kissing Balloon Inflation After Main Vessel Stenting Be Routine in
the One-Stent Approach? A Systematic Review and Meta-Analysis of
Randomized Trials,” PLoS One 13 (2018): 0197580, https://doi.org/10.
1371/journal.pone.0197580.

42.Y.-H. Kim, J.-H. Lee, J.-H. Roh, et al., “Randomized Comparisons
Between Different Stenting Approaches for Bifurcation Coronary
Lesions With or Without Side Branch Stenosis,” JACC: Cardiovascular
Interventions 8 (2015): 550-560, https://doi.org/10.1016/j.jcin.2015.01.016.

43. L. Gaido, F. D'ascenzo, Y. Imori, et al., “Impact of Kissing Balloon
in Patients Treated With Ultrathin Stents for Left Main Lesions and
Bifurcations: An Analysis From the RAIN-CARDIOGROUP VII
Study,” Circulation: Cardiovascular Interventions 13 (2020): e008325,
https://doi.org/10.1161/CIRCINTERVENTIONS.119.008325.

44.A. P. Banning, J. F. Lassen, F. Burzotta, et al., “Percutaneous
Coronary Intervention for Obstructive Bifurcation Lesions: The
14th Consensus Document From the European Bifurcation Club,”
Eurolntervention 15 (2019): 90-98, https://doi.org/10.4244/E1J-D-19-
00144.

45. G. Finet, M. Gilard, B. Perrenot, et al., “Fractal Geometry of Arterial
Coronary Bifurcations: A Quantitative Coronary Angiography and
Intravascular Ultrasound Analysis,” Eurolntervention 3 (2008): 490-
498, https://doi.org/10.4244/eijv3i4a87.

46. F. Burzotta, J. F. Lassen, T. Lefevre, et al., “Percutaneous Coronary
Intervention for Bifurcation Coronary Lesions: The 15(th) Consensus
Document From the European Bifurcation Club,” Eurolntervention 16
(2021): 1307-1317, https://doi.org/10.4244/E1J-D-20-00169.

47.G. Cetinkal, B. B. Kogas, K. Keskin, H. Kilci, O. S. Ser, and K.
Kilickesmez, “Comparison of Sequential POT-Side-POT and Kissing
Balloon Techniques in Patients With Coronary Bifurcation Lesions
Treated With Single-Stent Strategy; Which One Is Simple and Safe?
Propensity Score Analysis,” Anatolian Journal of Cardiology 26 (2022):
559-566, https://doi.org/10.5152/AnatolJCardiol.2022.1136.

48. F. Iannaccone, C. Chiastra, K. Antonios, et al., “Impact of Plaque
Type and Side Branch Geometry on Side Branch Compromise After

17 of 21

510117 SUOLLILIOD SA1IE810 3 et idde a1 Aq peuienob a2 a1 WO ‘38N J0 SaIN1 10 AIRIGITBUIIUO /311 O (SUOIPUOD-PUE-SUWLSY W00 A3 | ARe.q 16U 1|Uo//Sdiiu) SUOBIPUOD PLe S 1 8L 395 *[G202/80/2T] U0 ArIqIT2UIIUO /311 1R1IRLRIR0D Ad 0000 WLD/ZO0T OT/10P/L0D™Aa| A ARRiq1BU1|UO//SANY WOy PapeolumMoq ‘€ ‘G20z ‘v6.070Z


https://doi.org/10.1007/s10554-014-0374-3
https://doi.org/10.1007/s11883-014-0485-2
https://doi.org/10.3389/fbioe.2022.1062529
https://doi.org/10.1016/j.jbiomech.2020.110089
https://doi.org/10.1016/j.jbiomech.2020.110089
https://doi.org/10.2174/1573403x18666220406113517
https://doi.org/10.2174/1573403x18666220406113517
https://doi.org/10.4244/EIJV12I1A7
https://doi.org/10.1016/j.cpcardiol.2014.11.003
https://doi.org/10.1016/j.cpcardiol.2014.11.003
https://doi.org/10.1016/j.jcin.2016.06.056
https://doi.org/10.1016/j.jcin.2016.06.056
https://doi.org/10.4330/wjc.v14.i3.108
https://doi.org/10.4330/wjc.v14.i3.108
https://doi.org/10.1097/MCA.0000000000000847
https://doi.org/10.1097/MCA.0000000000000847
https://doi.org/10.4244/EIJ-D-22-00166
https://doi.org/10.4244/EIJ-D-22-00166
https://doi.org/10.1038/s41598-020-67369-9
https://doi.org/10.1038/s41598-020-67369-9
https://doi.org/10.1093/eurheartj/ehaa543
https://doi.org/10.1093/eurheartj/ehaa543
https://doi.org/10.1177/2048004021992190
https://doi.org/10.1016/j.jcin.2014.04.026
https://doi.org/10.4244/EIJ-D-23-00124
https://doi.org/10.4244/EIJ-D-17-00622
https://doi.org/10.4244/EIJ-D-17-00622
https://doi.org/10.1161/jaha.118.008730
https://doi.org/10.1161/jaha.118.008730
https://doi.org/10.1093/eurheartj/ehy394
https://doi.org/10.1253/circj.cj-12-0848
https://doi.org/10.1253/circj.cj-12-0848
https://doi.org/10.4244/EIJV10I8A160
https://doi.org/10.4244/EIJV10I8A160
https://doi.org/10.1371/journal.pone.0197580
https://doi.org/10.1371/journal.pone.0197580
https://doi.org/10.1016/j.jcin.2015.01.016
https://doi.org/10.1161/CIRCINTERVENTIONS.119.008325
https://doi.org/10.4244/EIJ-D-19-00144
https://doi.org/10.4244/EIJ-D-19-00144
https://doi.org/10.4244/eijv3i4a87
https://doi.org/10.4244/EIJ-D-20-00169
https://doi.org/10.5152/AnatolJCardiol.2022.1136

Provisional Stent Implantation: A Simulation Study,” Eurolntervention
13 (2017): e236-€245, https://doi.org/10.4244/E1J-D-16-00498.

49.B. K. Khan, M. N. Rahman, J. M. Tai, and O. Faheem, “Jailed
Balloons for Side Branch Protection: A Review of Techniques and
Literature: Jailed Balloons for Side Branch Protection,” Asialntervention
6 (2020): 15-24, https://doi.org/10.4244/A1J-D-19-00025.

50. M. Pan, S. Ojeda, E. Villanueva, et al., “Structural Damage of Jailed
Guidewire During the Treatment of Coronary Bifurcation Lesions: A
Microscopic Randomized Trial,” JACC: Cardiovascular Interventions 9
(2016): 1917-1924, https://doi.org/10.1016/j.jcin.2016.06.030.

51.P. H. Loh, J. F. Lassen, N. Jepson, et al., “Asia Pacific Consensus
Document on Coronary Bifurcation Interventions,” Eurolntervention 16
(2020): €706-€714, https://doi.org/10.4244/eij-d-19-00977.

52. F. Burzotta, H. C. Gwon, J. Y. Hahn, et al., “Modified T-Stenting With
Intentional Protrusion of the Side-Branch Stent Within the Main Vessel
Stent to Ensure Ostial Coverage and Facilitate Final Kissing Balloon:
The T-Stenting and Small Protrusion Technique (TAP-Stenting).
Report of Bench Testing and First Clinical Italian-Korean Two-Centre
Experience,” Catheterization and Cardiovascular Interventions 70
(2007): 75-82, https://doi.org/10.1002/ccd.21194.

53.S.-L. Chen, T. Santoso, J.-J. Zhang, et al., “Clinical Outcome of
Double Kissing Crush Versus Provisional Stenting of Coronary Artery
Bifurcation Lesions,” Circulation: Cardiovascular Interventions 10 (2017):
€004497, https://doi.org/10.1161/CIRCINTERVENTIONS.116.004497.

54.X. Chen, X. Li, J.-J. Zhang, et al., “3-Year Outcomes of the
DKCRUSH-V Trial Comparing DK Crush With Provisional Stenting for
Left Main Bifurcation Lesions,” JACC: Cardiovascular Interventions 12
(2019): 1927-1937, https://doi.org/10.1016/j.jcin.2019.04.056.

55.R. Wang, Y. Ding, J. Yang, et al., “Stenting Techniques for Coronary
Bifurcation Disease: A Systematic Review and Network Meta-Analysis
Demonstrates Superiority of Double-Kissing Crush in Complex
Lesions,” Clinical Research in Cardiology 1 (2021): 761-775, https://doi.
0rg/10.1007/s00392-021-01979-9.

56.G. Di Gioia, J. Sonck, M. Ferenc, et al.,, “Clinical Outcomes
Following Coronary Bifurcation PCI Techniques: A Systematic Review
and Network Meta-Analysis Comprising 5,711 Patients,” JACC.
Cardiovascular Interventions 13 (2020): 1432-1444, https://doi.org/10.
1016/j.jcin.2020.03.054.

57.D. Y. Park, S. An, N. Jolly, et al., “Systematic Review and Network
Meta-Analysis Comparing Bifurcation Techniques for Percutaneous
Coronary Intervention,” Journal of the American Heart Association 11
(2022): 025394, https://doi.org/10.1161/JAHA.122.025394.

58. T. Fujisaki, T. Kuno, Y. Numasawa, et al., “Provisional or 2-Stent
Technique for Bifurcation Lesions in the Second-Generation Drug-
Eluting Stent Era,” Journal of the Society for Cardiovascular Angiography
& Interventions 1 (2022): 100410, https://doi.org/10.1016/j.jscai.2022.
100410.

59. A. Erglis, I. Kumsars, M. Niemeld, et al., “Randomized Comparison
of Coronary Bifurcation Stenting With the Crush Versus the Culotte
Technique Using Sirolimus Eluting Stents: The Nordic Stent Technique
Study,” Circulation. Cardiovascular Interventions 2 (2009): 27-34,
https://doi.org/10.1161/circinterventions.108.804658.

60. K. Kervinen, M. Niemeld, H. Romppanen, et al., “Clinical Outcome
After Crush Versus Culotte Stenting of Coronary Artery Bifurcation
Lesions: The Nordic Stent Technique Study 36-Month Follow-Up
Results,” JACC. Cardiovascular Interventions 6 (2013): 1160-1165,
https://doi.org/10.1016/j.jcin.2013.06.009.

61. X. W.Zheng, D. H. Zhao, H. Y. Peng, et al., “Randomized Comparison
of the Crush Versus the Culotte Stenting for Coronary Artery Bifurcation
Lesions,” Chinese Medical Journal 129 (2016): 505-510, https://doi.org/
10.4103/0366-6999.176997.

62. G. Rigatelli, M. Zuin, and A. Lee, “Coronary Artery Double Stenting
Techniques and Their Results in Complex Left Main Bifurcation

Disease,” Future Cardiology 16 (2020): 497-504, https://doi.org/10.2217/
fca-2019-0081.

63.S. L. Chen, B. Xu, Y. L. Han, et al., “Clinical Outcome After DK
Crush Versus Culotte Stenting of Distal Left Main Bifurcation Lesions:
The 3-Year Follow-Up Results of the DKCRUSH-III Study,” JACC.
Cardiovascular Interventions 8 (2015): 1335-1342, https://doi.org/10.
1016/§,jcin.2015.05.017.

64. F. Burzotta, J. F. Lassen, Y. Louvard, et al., “European Bifurcation
Club White Paper on Stenting Techniques for Patients With Bifurcated
Coronary Artery Lesions,” Catheterization and Cardiovascular
Interventions 96 (2020): 1067-1079, https://doi.org/10.1002/ccd.29071.

65. F. Migliavacca, C. Chiastra, Y. S. Chatzizisis, and G. Dubini, “Virtual
Bench Testing to Study Coronary Bifurcation Stenting,” Eurolntervention
11 (2015): V31-V34, https://doi.org/10.4244/EITV11SVA7.

66. M. C. Arokiaraj, G. De Santis, M. De Beule, and I. F. Palacios, “A
Novel Tram Stent Method in the Treatment of Coronary Bifurcation
Lesions - Finite Element Study,” PLoS One 11 (2016): e0149838, https://
doi.org/10.1371/journal.pone.0149838.

67. P. D. Morris, J. Igbal, C. Chiastra, W. Wu, F. Migliavacca, and J. P.
Gunn, “Simultaneous Kissing Stents to Treat Unprotected Left Main
Stem Coronary Artery Bifurcation Disease; Stent Expansion, Vessel
Injury, Hemodynamics, Tissue Healing, Restenosis, and Repeat
Revascularization,” Catheterization and Cardiovascular Interventions
92 (2018): E381-E392, https://doi.org/10.1002/ccd.27640.

68. D. Balzani, A. Heinlein, A. Klawonn, O. Rheinbach, and J. Schréder,
“Comparison of Arterial Wall Models in Fluid-Structure Interaction
Simulations,” Computational Mechanics 72 (2023): 949-965, https://doi.
0rg/10.1007/s00466-023-02321-y.

69. C. Chiastra, E. Montin, M. Bologna, et al., “Reconstruction of
Stented Coronary Arteries From Optical Coherence Tomography
Images: Feasibility, Validation, and Repeatability of a Segmentation
Method,” PLoS One 12 (2017): e0177495, https://doi.org/10.1371/journ
al.pone.0177495.

70.J. A. Ormiston, G. Kassab, G. Finet, et al., “Bench Testing and
Coronary Artery Bifurcations: A Consensus Document From the
European Bifurcation Club,” Eurolntervention 13 (2018): €1794-e1803,
https://doi.org/10.4244/E1J-D-17-00270.

71.R. Gharleghi, C. A. Dessalles, R. Lal, et al.,, “3D Printing for
Cardiovascular Applications: From End-To-End Processes to Emerging
Developments,” Annals of Biomedical Engineering 49 (2021): 1598-1618.

72. C. Chiastra and F. Migliavacca, “Modeling of Blood Flow in Stented
Coronary Arteries,” in Heat Transfer and Fluid Flow in Biological
Processes (London UK: Elsevier, 2015), 335-370, https://doi.org/10.
1016/B978-0-12-408077-5.00012-2.

73. A. Candreva, G. De Nisco, M. L. Rizzini, et al., “Current and Future
Applications of Computational Fluid Dynamics in Coronary Artery
Disease,” Reviews in Cardiovascular Medicine 23 (2022): 377, https://doi.
0rg/10.31083/j.rcm2311377.

74.M. Gay and L. T. Zhang, “Numerical Studies on Fluid-Structure
Interactions of Stent Deployment and Stented Arteries,” Engineering with
Computers 25 (2009): 61-72, https://doi.org/10.1007/s00366-008-0105-2.

75. M. Buka¢, S. Cani¢, J. Tambaca, and Y. Wang, “Fluid-Structure
Interaction Between Pulsatile Blood Flow and a Curved Stented
Coronary Artery on a Beating Heart: A Four Stent Computational
Study,” Computer Methods in Applied Mechanics and Engineering 350
(2019): 679-700, https://doi.org/10.1016/j.cma.2019.03.034.

76.R. Gharleghi, N. Chen, A. Sowmya, and S. Beier, “Towards
Automated Coronary Artery Segmentation: A Systematic Review,”
Computer Methods and Programs in Biomedicine 225 (2022): 107015,
https://doi.org/10.1016/j.cmpb.2022.107015.

77. W.Wu, U. M. Oguz, A. Banga, et al., “3D Reconstruction of Coronary
Artery Bifurcations From Intravascular Ultrasound and Angiography,”

18 of 21

International Journal for Numerical Methods in Biomedical Engineering, 2025

510117 SUOLLILIOD SA1IE810 3 et idde a1 Aq peuienob a2 a1 WO ‘38N J0 SaIN1 10 AIRIGITBUIIUO /311 O (SUOIPUOD-PUE-SUWLSY W00 A3 | ARe.q 16U 1|Uo//Sdiiu) SUOBIPUOD PLe S 1 8L 395 *[G202/80/2T] U0 ArIqIT2UIIUO /311 1R1IRLRIR0D Ad 0000 WLD/ZO0T OT/10P/L0D™Aa| A ARRiq1BU1|UO//SANY WOy PapeolumMoq ‘€ ‘G20z ‘v6.070Z


https://doi.org/10.4244/EIJ-D-16-00498
https://doi.org/10.4244/AIJ-D-19-00025
https://doi.org/10.1016/j.jcin.2016.06.030
https://doi.org/10.4244/eij-d-19-00977
https://doi.org/10.1002/ccd.21194
https://doi.org/10.1161/CIRCINTERVENTIONS.116.004497
https://doi.org/10.1016/j.jcin.2019.04.056
https://doi.org/10.1007/s00392-021-01979-9
https://doi.org/10.1007/s00392-021-01979-9
https://doi.org/10.1016/j.jcin.2020.03.054
https://doi.org/10.1016/j.jcin.2020.03.054
https://doi.org/10.1161/JAHA.122.025394
https://doi.org/10.1016/j.jscai.2022.100410
https://doi.org/10.1016/j.jscai.2022.100410
https://doi.org/10.1161/circinterventions.108.804658
https://doi.org/10.1016/j.jcin.2013.06.009
https://doi.org/10.4103/0366-6999.176997
https://doi.org/10.4103/0366-6999.176997
https://doi.org/10.2217/fca-2019-0081
https://doi.org/10.2217/fca-2019-0081
https://doi.org/10.1016/j.jcin.2015.05.017
https://doi.org/10.1016/j.jcin.2015.05.017
https://doi.org/10.1002/ccd.29071
https://doi.org/10.4244/EIJV11SVA7
https://doi.org/10.1371/journal.pone.0149838
https://doi.org/10.1371/journal.pone.0149838
https://doi.org/10.1002/ccd.27640
https://doi.org/10.1007/s00466-023-02321-y
https://doi.org/10.1007/s00466-023-02321-y
https://doi.org/10.1371/journal.pone.0177495
https://doi.org/10.1371/journal.pone.0177495
https://doi.org/10.4244/EIJ-D-17-00270
https://doi.org/10.1016/B978-0-12-408077-5.00012-2
https://doi.org/10.1016/B978-0-12-408077-5.00012-2
https://doi.org/10.31083/j.rcm2311377
https://doi.org/10.31083/j.rcm2311377
https://doi.org/10.1007/s00366-008-0105-2
https://doi.org/10.1016/j.cma.2019.03.034
https://doi.org/10.1016/j.cmpb.2022.107015

Scientific Reports 13 (2023): 13031, https://doi.org/10.1038/s41598-023-
40257-8.

78. C. Chiastra, S. Migliori, F. Burzotta, G. Dubini, and F. Migliavacca,
“Patient-Specific Modeling of Stented Coronary Arteries Reconstructed
From Optical Coherence Tomography: Towards a Widespread
Clinical Use of Fluid Dynamics Analyses,” Journal of Cardiovascular
Translational Research 11 (2018): 156-172, https://doi.org/10.1007/
$12265-017-9777-6.

79. W. Wu, A. Banga, U. M. Oguz, et al., “Experimental Validation and
Clinical Feasibility of 3D Reconstruction of Coronary Artery Bifurcation
Stents Using Intravascular Ultrasound,” PLoS One 19 (2024): e0300098,
https://doi.org/10.1371/journal.pone.0300098.

80.D. Gastaldi, S. Morlacchi, R. Nichetti, et al., “Modelling of the
Provisional Side-Branch Stenting Approach for the Treatment of
Atherosclerotic Coronary Bifurcations: Effects of Stent Positioning,”
Biomechanics and Modeling in Mechanobiology 9 (2010): 551-561,
https://doi.org/10.1007/s10237-010-0196-8.

81. N. Foin, R. Torii, P. Mortier, et al., “Kissing Balloon or Sequential
Dilation of the Side Branch and Main Vessel for Provisional Stenting
of Bifurcations: Lessons From Micro-Computed Tomography and
Computational Simulations,” JACC: Cardiovascular Interventions 5
(2012): 47-56, https://doi.org/10.1016/j.jcin.2011.08.019.

82. C. Chiastra, S. Morlacchi, S. Pereira, G. Dubini, and F. Migliavacca,
“Computational Fluid Dynamics of Stented Coronary Bifurcations
Studied With a Hybrid Discretization Method,” European Journal of
Mechanics - B/Fluids 35 (2012): 76-84, https://doi.org/10.1016/j.eurom
echflu.2012.01.011.

83. G. Rigatelli, M. Zuin, C. Chiastra, and F. Burzotta, “Biomechanical
Evaluation of Different Balloon Positions for Proximal Optimization
Technique in Left Main Bifurcation Stenting,” Cardiovascular
Revascularization Medicine 21 (2020): 1533-1538, https://doi.org/10.
1016/j.carrev.2020.05.028.

84.P. Mortier, Y. Hikichi, N. Foin, et al., “Provisional Stenting of
Coronary Bifurcations: Insights Into Final Kissing Balloon Post-Dilation
and Stent Design by Computational Modeling,” JACC: Cardiovascular
Interventions 7 (2014): 325-333, https://doi.org/10.1016/j.jcin.2013.
09.012.

85.S. Morlacchi, S. G. Colleoni, R. Cardenes, et al., “Patient-Specific
Simulations of Stenting Procedures in Coronary Bifurcations: Two
Clinical Cases,” Medical Engineering & Physics 35 (2013): 1272-1281,
https://doi.org/10.1016/j.medengphy.2013.01.007.

86. P. Mortier, G. A. Holzapfel, M. De Beule, et al., “A Novel Simulation
Strategy for Stent Insertion and Deployment in Curved Coronary
Bifurcations: Comparison of Three Drug-Eluting Stents,” Annals of
Biomedical Engineering 38 (2010): 88-99, https://doi.org/10.1007/s1043
9-009-9836-5.

87.C. Chiastra, M. J. Grundeken, C. Collet, et al., “Biomechanical
Impact of Wrong Positioning of a Dedicated Stent for Coronary
Bifurcations: A Virtual Bench Testing Study,” Cardiovascular
Engineering and Technology 9 (2018): 415-426, https://doi.org/10.1007/
$13239-018-0359-9.

88.S. Morlacchi and F. Migliavacca, “Modeling Stented Coronary
Arteries: Where We Are, Where to Go,” Annals of Biomedical Engineering
41 (2013): 1428-1444, https://doi.org/10.1007/s10439-012-0681-6.

89. S. Morlacchi, C. Chiastra, D. Gastaldi, G. Pennati, G. Dubini, and
F. Migliavacca, “Sequential Structural and Fluid Dynamic Numerical
Simulations of a Stented Bifurcated Coronary Artery,” Journal of
Biomechanical Engineering 133 (2011): 121010, https://doi.org/10.
1115/1.4005476.

90. C. Chiastra, S. Morlacchi, D. Gallo, et al., “Computational Fluid
Dynamic Simulations of Image-Based Stented Coronary Bifurcation
Models,” Journal of the Royal Society Interface 10 (2013): 20130193,
https://doi.org/10.1098/rsif.2013.0193.

91. C. Chiastra, V. Mazzi, M. Lodi Rizzini, et al., “Coronary Artery
Stenting Affects Wall Shear Stress Topological Skeleton,” Journal of
Biomechanical Engineering 144 (2022): 061002, https://doi.org/10.
1115/1.4053503.

92. C. Chiastra, G. Dubini, and F. Migliavacca, “Modeling the Stent
Deployment in Coronary Arteries and Coronary Bifurcations,” in
Biomechanics of Coronary Atherosclerotic Plaque (Cambridge, MA:
Elsevier, 2021), 563-582.

93.J. A. Ormiston, M. Webster, and B. Webber, “Percutaneous Coronary
Intervention for Bifurcation Lesions: Bench Testing and the Real World,”
in Bifurcation Stenting (Chichester, UK: Wiley-Blackwell, 2012), 83-88,
https://doi.org/10.1002/9781444347005.ch9.

94.N. Foin, E. Alegria-Barrero, R. Torii, et al., “Crush, Culotte, T and
Protrusion: Which 2-Stent Technique for Treatment of True Bifurcation
Lesions?-Insights From in Vitro Experiments and Micro-Computed
Tomography,” Circulation Journal 77 (2013): 73-80, https://doi.org/10.
1253/circj.cj-12-0272.

95. N. Foin, R. Torii, E. Alegria, et al., “Location of Side Branch Access
Critically Affects Results in Bifurcation Stenting: Insights From Bench
Modeling and Computational Flow Simulation,” International Journal
of Cardiology 168 (2013): 3623-3628, https://doi.org/10.1016/j.ijcard.
2013.05.036.

96.P. D. Morris, R. Gosling, A. Rothman, et al., “Double-Kissing
Nanocrush for Bifurcation Lesions: Development, Bioengineering,
Fluid Dynamics, and Initial Clinical Testing,” Canadian Journal of
Cardiology 36 (2020): 852-859, https://doi.org/10.1016/j.cjca.2019.
08.037.

97. C.-E. Bisaillon, M. L. Dufour, and G. Lamouche, “Artery Phantoms
for Intravascular Optical Coherence Tomography: Healthy Arteries,”
Biomedical Optics Express 2 (2011): 2599, https://doi.org/10.1364/
BOE.2.002599.

98.C.-E. Bisaillon and G. Lamouche, “Artery Phantoms for
Intravascular Optical Coherence Tomography: Diseased Arteries,”
Journal of Biomedical Optics 18 (2013): 096010, https://doi.org/10.
1117/1.JB0O.18.9.096010.

99.K. Deb, “Multi-Objective Optimisation Using Evolutionary
Algorithms: An Introduction,” in Multi-Objective Evolutionary
Optimisation for Product Design and Manufacturing (London: Springer,
2011), 3-34.

100. R. Gharleghi, H. Wright, V. Luvio, et al., “A Multi-Objective
Optimization of Stent Geometries,” Journal of Biomechanics 125 (2021):
110575, https://doi.org/10.1016/j.jbiomech.2021.110575.

101. F. Bozsak, D. Gonzalez-Rodriguez, Z. Sternberger, et al.,
“Optimization of Drug Delivery by Drug-Eluting Stents,” PLoS One 10
(2015): €0130182, https://doi.org/10.1371/journal.pone.0130182.

102.N. S. Ribeiro, J. Folgado, and H. C. Rodrigues, “Surrogate-
Based Multi-Objective Design Optimization of a Coronary Stent:
Altering Geometry Toward Improved Biomechanical Performance,”
International Journal for Numerical Methods in Biomedical Engineering
37 (2021): e3453, https://doi.org/10.1002/cnm.3453.

103. G. E. Ragkousis, N. Curzen, and N. W. Bressloff, “Multi-Objective
Optimisation of Stent Dilation Strategy in a Patient-Specific Coronary
Artery via Computational and Surrogate Modelling,” Journal of
Biomechanics 49 (2016): 205-215, https://doi.org/10.1016/j.jbiomech.
2015.12.013.

104. M. Lette, K. H. Rahi, H. K. Singh, and T. Ray, “Vertical-Axis
Wind Turbine Design Using Surrogate-Assisted Optimization With
Physical Experiments in-Loop,” 2023, in Proceedings of the Genetic and
Evolutionary Computation Conference (1391-1399).

105. H. Sun, C. Qiu, L. Lu, X. Gao, J. Chen, and H. Yang, “Wind Turbine
Power Modelling and Optimization Using Artificial Neural Network
With Wind Field Experimental Data,” Applied Energy 280 (2020):
115880, https://doi.org/10.1016/j.apenergy.2020.115880.

19 of 21

510117 SUOLLILIOD SA1IE810 3 et idde a1 Aq peuienob a2 a1 WO ‘38N J0 SaIN1 10 AIRIGITBUIIUO /311 O (SUOIPUOD-PUE-SUWLSY W00 A3 | ARe.q 16U 1|Uo//Sdiiu) SUOBIPUOD PLe S 1 8L 395 *[G202/80/2T] U0 ArIqIT2UIIUO /311 1R1IRLRIR0D Ad 0000 WLD/ZO0T OT/10P/L0D™Aa| A ARRiq1BU1|UO//SANY WOy PapeolumMoq ‘€ ‘G20z ‘v6.070Z


https://doi.org/10.1038/s41598-023-40257-8
https://doi.org/10.1038/s41598-023-40257-8
https://doi.org/10.1007/s12265-017-9777-6
https://doi.org/10.1007/s12265-017-9777-6
https://doi.org/10.1371/journal.pone.0300098
https://doi.org/10.1007/s10237-010-0196-8
https://doi.org/10.1016/j.jcin.2011.08.019
https://doi.org/10.1016/j.euromechflu.2012.01.011
https://doi.org/10.1016/j.euromechflu.2012.01.011
https://doi.org/10.1016/j.carrev.2020.05.028
https://doi.org/10.1016/j.carrev.2020.05.028
https://doi.org/10.1016/j.jcin.2013.09.012
https://doi.org/10.1016/j.jcin.2013.09.012
https://doi.org/10.1016/j.medengphy.2013.01.007
https://doi.org/10.1007/s10439-009-9836-5
https://doi.org/10.1007/s10439-009-9836-5
https://doi.org/10.1007/s13239-018-0359-9
https://doi.org/10.1007/s13239-018-0359-9
https://doi.org/10.1007/s10439-012-0681-6
https://doi.org/10.1115/1.4005476
https://doi.org/10.1115/1.4005476
https://doi.org/10.1098/rsif.2013.0193
https://doi.org/10.1115/1.4053503
https://doi.org/10.1115/1.4053503
https://doi.org/10.1002/9781444347005.ch9
https://doi.org/10.1253/circj.cj-12-0272
https://doi.org/10.1253/circj.cj-12-0272
https://doi.org/10.1016/j.ijcard.2013.05.036
https://doi.org/10.1016/j.ijcard.2013.05.036
https://doi.org/10.1016/j.cjca.2019.08.037
https://doi.org/10.1016/j.cjca.2019.08.037
https://doi.org/10.1364/BOE.2.002599
https://doi.org/10.1364/BOE.2.002599
https://doi.org/10.1117/1.JBO.18.9.096010
https://doi.org/10.1117/1.JBO.18.9.096010
https://doi.org/10.1016/j.jbiomech.2021.110575
https://doi.org/10.1371/journal.pone.0130182
https://doi.org/10.1002/cnm.3453
https://doi.org/10.1016/j.jbiomech.2015.12.013
https://doi.org/10.1016/j.jbiomech.2015.12.013
https://doi.org/10.1016/j.apenergy.2020.115880

106. H. Y. Chen, K. Al-Saadon, Y. Louvard, and G. S. Kassab,
“Biomechanical Impact of Provisional Stenting and Balloon Dilatation
on Coronary Bifurcation: Clinical Implications,” Journal of Applied
Physiology 123 (2017): 221-226, https://doi.org/10.1152/japplphysiol.
00245.2017.

107. G. B. Rahinj, H. S. Chauhan, M. L. Sirivella, M. V. Satyanarayana,
and L. Ramanan, “Numerical Analysis for Non-Uniformity of
Balloon-Expandable Stent Deployment Driven by Dogboning and
Foreshortening,” Cardiovascular Engineering and Technology 13 (2022):
247-264, https://doi.org/10.1007/s13239-021-00573-4.

108. F. Derimay, G. Souteyrand, P. Motreff, et al., “Sequential Proximal
Optimizing Technique in Provisional Bifurcation Stenting With
Everolimus-Eluting Bioresorbable Vascular Scaffold: Fractal Coronary
Bifurcation Bench for Comparative Test Between Absorb and XIENCE
Xpedition,” JACC: Cardiovascular Interventions 9 (2016): 1397-1406,
https://doi.org/10.1016/j.jcin.2016.04.021.

109. F. Burzotta, P. Mortier, and C. Trani, “Characteristics of Drug-
Eluting Stent Platforms Potentially Influencing Bifurcated Lesion
Provisional Stenting Procedure,” Eurolntervention: Journal OF EuroPCR
in Collaboration with the Working Group on Interventional Cardiology of
the European Society of Cardiology 10 (2014): 124-132, https://doi.org/
10.4244/E1JV10I1A19.

110. P. Mortier, J. J. Wentzel, G. De Santis, et al., “Patient-Specific
Computer Modelling of Coronary Bifurcation Stenting: The John Doe
Programme,” Eurolntervention 11 (2015): V35-V39, https://doi.org/10.
4244/E1JV11SVAS.

111.H. Y. Chen, Y. S. Chatzizisis, Y. Louvard, and G. S. Kassab,
“Computational Simulations of Provisional Stenting of a Diseased
Coronary Artery Bifurcation Model,” Scientific Reports 10 (2020): 9667,
https://doi.org/10.1038/s41598-020-66777-1.

112. P. Mortier, M. De Beule, D. Van Loo, B. Verhegghe, and P. Verdonck,
“Finite Element Analysis of Side Branch Access During Bifurcation
Stenting,” Medical Engineering & Physics 31 (2009): 434-440, https://
doi.org/10.1016/j.medengphy.2008.11.013.

113.C. Chiastra, W. Wu, B. Dickerhoff, et al.,, “Computational
Replication of the Patient-Specific Stenting Procedure for Coronary
Artery Bifurcations: From OCT and CT Imaging to Structural and
Hemodynamics Analyses,” Journal of Biomechanics 49 (2016): 2102—
2111, https://doi.org/10.1016/j.jbiomech.2015.11.024.

114. M. J. Grundeken, C. Chiastra, W. Wu, et al., “Differences in
Rotational Positioning and Subsequent Distal Main Branch Rewiring of
the Tryton Stent: An Optical Coherence Tomography and Computational
Study,” Catheterization and Cardiovascular Interventions 92 (2018):
897-906, https://doi.org/10.1002/ccd.27567.

115. M. C. Brindise, C. Chiastra, F. Burzotta, F. Migliavacca, and P. P.
Vlachos, “Hemodynamics of Stent Implantation Procedures in Coronary
Bifurcations: An In Vitro Study,” Annals of Biomedical Engineering 45
(2017): 542-553, https://doi.org/10.1007/s10439-016-1699-y.

116. A. Kumar and N. Bhatnagar, “Finite Element Simulation and
Testing of Cobalt-Chromium Stent: A Parametric Study on Radial
Strength, Recoil, Foreshortening, and Dogboning,” Computer Methods
in Biomechanics and Biomedical Engineering 24 (2021): 245-259, https://
doi.org/10.1080/10255842.2020.1822823.

117. L. Wei, Q. Chen, and Z. Li, “Study on the Impact of Straight Stents
on Arteries With Different Curvatures,” Journal of Mechanics in
Medicine and Biology 16 (2016): 1650093, https://doi.org/10.1142/S0219
519416500937.

118. N. W. Bressloff, G. Ragkousis, and N. Curzen, “Design Optimisation
of Coronary Artery Stent Systems,” Annals of Biomedical Engineering
44 (2016): 357-367, https://doi.org/10.1007/s10439-015-1373-9.

119. G. S. Karanasiou, M. I. Papafaklis, C. Conway, et al., “Stents:
Biomechanics, Biomaterials, and Insights From Computational

Modeling,” Annals of Biomedical Engineering 45 (2017): 853-872,
https://doi.org/10.1007/s10439-017-1806-8.

120. C. Pan, Y. Han, and J. Lu, “Structural Design of Vascular Stents: A
Review,” Micromachines 12 (2021): 770, https://doi.org/10.3390/mi120
70770.

121. A. P. Antoniadis, P. Mortier, G. Kassab, et al., “Biomechanical
Modeling to Improve Coronary Artery Bifurcation Stenting: Expert
Review Document on Techniques and Clinical Implementation,” JACC.
Cardiovascular Interventions 8 (2015): 1281-1296, https://doi.org/10.
1016/j.jcin.2015.06.015.

122. T. Schmidt and J. D. Abbott, “Coronary Stents: History, Design,
and Construction,” Journal of Clinical Medicine 7 (2018): 126, https://
doi.org/10.3390/jcm7060126.

123. M. Iannaccone, P. Gatti, U. Barbero, et al., “Impact of Strut
Thickness and Number of Crown and Connectors on Clinical Outcomes
on Patients Treated With Second-Generation Drug Eluting Stent,”
Catheterization and Cardiovascular Interventions 96 (2020): 1417-1422,
https://doi.org/10.1002/ccd.28228.

124. M. Iannaccone, F. d'Ascenzo, G. Gallone, et al., “Impact of
Structural Features of Very Thin Stents Implanted in Unprotected Left
Main or Coronary Bifurcations on Clinical Outcomes,” Catheterization
and Cardiovascular Interventions 96 (2020): 1-9, https://doi.org/10.
1002/ccd.28667.

125. P.Medrano-Gracia,J. Ormiston, M. Webster, etal., “A Computational
Atlas of Normal Coronary Artery Anatomy,” Eurolntervention: Journal
OF EuroPCR in Collaboration with the Working Group on Interventional
Cardiology of the European Society of Cardiology 12 (2016): 845-854,
https://doi.org/10.4244/E1JV12I7A139.

126.J. Skowronski, I. Cho, G. S. Mintz, et al., “Inter-Ethnic Differences
in Normal Coronary Anatomy Between Caucasian (Polish) and Asian
(Korean) Populations,” European Journal of Radiology 130 (2020):
109185, https://doi.org/10.1016/j.ejrad.2020.109185.

127. A. Medina, J. S. de Lezo, and M. Pan, “A New Classification of
Coronary Bifurcation Lesions,” Revista Espariola de Cardiologia 59
(2006): 183, https://doi.org/10.1016/S1885-5857(06)60130-8.

128. M. O. Mohamed, P. Lamellas, A. Roguin, et al., “Clinical Outcomes
of Percutaneous Coronary Intervention for Bifurcation Lesions
According to Medina Classification,” Journal of the American Heart
Association 11 (2022): 025459, https://doi.org/10.1161/jaha.122.025459.

129.7J.-Y. Hahn, W. J. Chun, J.-H. Kim, et al., “Predictors and Outcomes
of Side Branch Occlusion After Main Vessel Stenting in Coronary
Bifurcation Lesions: Results From the COBIS II Registry (COronary
BlIfurcation Stenting),” Journal of the American College of Cardiology 62
(2013): 1654-1659, https://doi.org/10.1016/jjacc.2013.07.041.

130.J.Xu,J.-Y. Hahn, Y. B. Song, et al., “Carina Shift Versus Plaque Shift
for Aggravation of Side Branch Ostial Stenosis in Bifurcation Lesions:
Volumetric Intravascular Ultrasound Analysis of Both Branches,”
Circulation: Cardiovascular Interventions 5 (2012): 657-662, https://doi.
0rg/10.1161/CIRCINTERVENTIONS.112.969089.

131. N. S. Ribeiro, J. Folgado, and H. C. Rodrigues, “Surrogate-Based
Visualization and Sensitivity Analysis of Coronary Stent Performance:
A Study on the Influence of Geometric Design,” International Journal
for Numerical Methods in Biomedical Engineering 34 (2018): e3125,
https://doi.org/10.1002/cnm.3125.

132.S. Zhao, W. Wu, S. Samant, et al., “Patient-Specific Computational
Simulation of Coronary Artery Bifurcation Stenting,” Scientific Reports
11 (2021): 1-17, https://doi.org/10.1038/s41598-021-95026-2.

133. X. Shen, H. Zhu, J. Jiang, Y. Deng, and S. Ji, “Multi-Objective
Optimization Design of Balloon-Expandable Coronary Stent,”
Cardiovascular Engineering and Technology 10 (2019): 10-21, https://
doi.org/10.1007/s13239-019-00401-w.

20 of 21

International Journal for Numerical Methods in Biomedical Engineering, 2025

510117 SUOLLILIOD SA1IE810 3 et idde a1 Aq peuienob a2 a1 WO ‘38N J0 SaIN1 10 AIRIGITBUIIUO /311 O (SUOIPUOD-PUE-SUWLSY W00 A3 | ARe.q 16U 1|Uo//Sdiiu) SUOBIPUOD PLe S 1 8L 395 *[G202/80/2T] U0 ArIqIT2UIIUO /311 1R1IRLRIR0D Ad 0000 WLD/ZO0T OT/10P/L0D™Aa| A ARRiq1BU1|UO//SANY WOy PapeolumMoq ‘€ ‘G20z ‘v6.070Z


https://doi.org/10.1152/japplphysiol.00245.2017
https://doi.org/10.1152/japplphysiol.00245.2017
https://doi.org/10.1007/s13239-021-00573-4
https://doi.org/10.1016/j.jcin.2016.04.021
https://doi.org/10.4244/EIJV10I1A19
https://doi.org/10.4244/EIJV10I1A19
https://doi.org/10.4244/EIJV11SVA8
https://doi.org/10.4244/EIJV11SVA8
https://doi.org/10.1038/s41598-020-66777-1
https://doi.org/10.1016/j.medengphy.2008.11.013
https://doi.org/10.1016/j.medengphy.2008.11.013
https://doi.org/10.1016/j.jbiomech.2015.11.024
https://doi.org/10.1002/ccd.27567
https://doi.org/10.1007/s10439-016-1699-y
https://doi.org/10.1080/10255842.2020.1822823
https://doi.org/10.1080/10255842.2020.1822823
https://doi.org/10.1142/S0219519416500937
https://doi.org/10.1142/S0219519416500937
https://doi.org/10.1007/s10439-015-1373-9
https://doi.org/10.1007/s10439-017-1806-8
https://doi.org/10.3390/mi12070770
https://doi.org/10.3390/mi12070770
https://doi.org/10.1016/j.jcin.2015.06.015
https://doi.org/10.1016/j.jcin.2015.06.015
https://doi.org/10.3390/jcm7060126
https://doi.org/10.3390/jcm7060126
https://doi.org/10.1002/ccd.28228
https://doi.org/10.1002/ccd.28667
https://doi.org/10.1002/ccd.28667
https://doi.org/10.4244/EIJV12I7A139
https://doi.org/10.1016/j.ejrad.2020.109185
https://doi.org/10.1016/S1885-5857(06)60130-8
https://doi.org/10.1161/jaha.122.025459
https://doi.org/10.1016/j.jacc.2013.07.041
https://doi.org/10.1161/CIRCINTERVENTIONS.112.969089
https://doi.org/10.1161/CIRCINTERVENTIONS.112.969089
https://doi.org/10.1002/cnm.3125
https://doi.org/10.1038/s41598-021-95026-2
https://doi.org/10.1007/s13239-019-00401-w
https://doi.org/10.1007/s13239-019-00401-w

134.Y. Li, J. Wang, K. Sheng, et al., “Optimizing Structural Design on
Biodegradable Magnesium Alloy Vascular Stent for Reducing Strut
Thickness and Raising Radial Strength,” Materials & Design 220 (2022):
110843, https://doi.org/10.1016/j.matdes.2022.110843.

135. H. Li, T. Qiu, B. Zhu, J. Wu, and X. Wang, “Design Optimization
of Coronary Stent Based on Finite Element Models,” Scientific World
Journal 2013 (2013): 630243, https://doi.org/10.1155/2013/630243.

136.S. Tammareddi, G. Sun, and Q. Li, “Multiobjective Robust
Optimization of Coronary Stents,” Materials and Design 90 (2016): 682—
692, https://doi.org/10.1016/j.matdes.2015.10.153.

137.T. J. Gundert, A. L. Marsden, W. Yang, and J. F. LaDisa, Jr.,
“Optimization of Cardiovascular Stent Design Using Computational
Fluid Dynamics,” Journal of Biomechanical Engineering 134 (2012):
011002, https://doi.org/10.1115/1.4005542.

138. K. Srinivas, T. Nakayama, M. Ohta, S. Obayashi, and T. Yamaguchi,
“Studies on Design Optimization of Coronary Stents,” Journal of
Medical Devices 2 (2008): 011004, https://doi.org/10.1115/1.2885145.

139. A. Blouza, L. Dumas, and I. M'Baye, “Multiobjective Optimization
of a Stent in a Fluid-Structure Context,” 2008 2008, in Proceedings of
the 10th Annual Conference Companion on Genetic and Evolutionary
Computation (2055-2060).

140.S. Pant, N. W. Bressloff, and G. Limbert, “Geometry
Parameterization and Multidisciplinary Constrained Optimization of
Coronary Stents,” Biomechanics and Modeling in Mechanobiology 11
(2012): 61-82, https://doi.org/10.1007/s10237-011-0293-3.

141. H. Wang, L. Jiao, J. Sun, P. Yan, X. Wang, and T. Qiu, “Multi-
Objective Optimization of Bioresorbable Magnesium Alloy Stent by
Kriging Surrogate Model,” Cardiovascular Engineering and Technology
13 (2022): 829-839, https://doi.org/10.1007/513239-022-00619-1.

142. H. Li, J. Gu, M. Wang, et al., “Multi-Objective Optimization of
Coronary Stent Using Kriging Surrogate Model,” Biomedical Engineering
Online 15 (2016): 148, https://doi.org/10.1186/s12938-016-0268-9.

143. H. Li, X. Wang, Y. Wei, et al., “Multi-Objective Optimizations of
Biodegradable Polymer Stent Structure and Stent Microinjection Molding
Process,” Polymers 9 (2017): 20, https://doi.org/10.3390/polym9010020.

144. R. W. Blair, N. J. Dunne, A. B. Lennon, and G. H. Menary, “Multi-
Objective Optimisation of Material Properties and Strut Geometry
for Poly(L-Lactic Acid) Coronary Stents Using Response Surface
Methodology,” PLoS One 14 (2019): €0218768, https://doi.org/10.1371/
journal.pone.0218768.

145. G. Rigatelli, M. Zuin, F. Dell’/Avvocata, et al., “Evaluation of
Coronary Flow Conditions in Complex Coronary Artery Bifurcations
Stenting Using Computational Fluid Dynamics: Impact of Final
Proximal Optimization Technique on Different Double-Stent
Techniques,” Cardiovascular Revascularization Medicine 18 (2017):
233-240, https://doi.org/10.1016/j.carrev.2017.01.002.

146. M. Zuin, G. Rigatelli, and C. Chiastra, “Optimal Site for Proximal
Optimization Technique in Complex Coronary Bifurcation Stenting: A
Computational Fluid Dynamics Study,” Cardiovascular Revascularization
Medicine 21 (2020): 826-832, https://doi.org/10.1016/j.carrev.2019.12.015.

147.S. Morlacchi, C. Chiastra, E. Cutri, et al., “Stent Deformation,
Physical Stress, and Drug Elution Obtained With Provisional Stenting,
Conventional Culotte and Tryton-Based Culotte to Treat Bifurcations:
A Virtual Simulation Study,” Eurolntervention 9 (2014): 1441-1453,
https://doi.org/10.4244/E1JV9I12A242.

148. E. Cutri, P. Zunino, S. Morlacchi, C. Chiastra, and F. Migliavacca,
“Drug Delivery Patterns for Different Stenting Techniques in Coronary
Bifurcations: A Comparative Computational Study,” Biomechanics and
Modeling in Mechanobiology 12 (2013): 657-669, https://doi.org/10.
1007/s10237-012-0432-5.

149. V. Paradies, J. Ng, S. Lu, et al., “T and Small Protrusion (TAP) vs
Double-Kissing Crush Technique: Insights From In Vitro Models,”

Cardiovascular Revascularization Medicine 24 (2021): 11-17, https://doi.
org/10.1016/j.carrev.2020.09.013.

150.J. S. Raben, S. Morlacchi, F. Burzotta, F. Migliavacca, and P. P.
Vlachos, “Local Blood Flow Patterns in Stented Coronary Bifurcations:
An Experimental and Numerical Study,” Journal of Applied Biomaterials
& Functional Materials 13 (2015): 116-126, https://doi.org/10.5301/
jabfm.5000217.

151. C. Chiastra, M. Grundeken, W. Wu, et al., “First Report on Free
Expansion Simulations of a Dedicated Bifurcation Stent Mounted on a
Stepped Balloon,” Eurolntervention 10 (2015): el-e3, https://doi.org/10.
4244/E1JV10I11A226.

152. R. Albiero, F. Burzotta, J. F. Lassen, et al., “Treatment of Coronary
Bifurcation Lesions, Part I: Implanting the First Stent in the Provisional
Pathway. The 16th Expert Consensus Document of the European
Bifurcation Club,” Eurolntervention 18 (2022): e362-e376, https://doi.
org/10.4244/E1J-D-22-00165.

153. W. Wanha, J. Bil, R. Januszek, et al., “Long-Term Outcomes
Following Drug-Eluting Balloons Versus Thin-Strut Drug-Eluting
Stents for Treatment of In-Stent Restenosis (DEB-Dragon-Registry),”
Circulation: Cardiovascular Interventions 14 (2021): e010868, https://
doi.org/10.1161/CIRCINTERVENTIONS.121.010868.

154. X. Gao, N. Tian, J. Kan, et al., “Drug-Coated Balloon Angioplasty
of the Side Branch During Provisional Stenting: The Multicenter
Randomized DCB-BIF Trial,” Journal of the American College of
Cardiology 85 (2024): 1-15, https://doi.org/10.1016/j.jacc.2024.08.067.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section.

21 of 21

510117 SUOLLILIOD SA1IE810 3 et idde a1 Aq peuienob a2 a1 WO ‘38N J0 SaIN1 10 AIRIGITBUIIUO /311 O (SUOIPUOD-PUE-SUWLSY W00 A3 | ARe.q 16U 1|Uo//Sdiiu) SUOBIPUOD PLe S 1 8L 395 *[G202/80/2T] U0 ArIqIT2UIIUO /311 1R1IRLRIR0D Ad 0000 WLD/ZO0T OT/10P/L0D™Aa| A ARRiq1BU1|UO//SANY WOy PapeolumMoq ‘€ ‘G20z ‘v6.070Z


https://doi.org/10.1016/j.matdes.2022.110843
https://doi.org/10.1155/2013/630243
https://doi.org/10.1016/j.matdes.2015.10.153
https://doi.org/10.1115/1.4005542
https://doi.org/10.1115/1.2885145
https://doi.org/10.1007/s10237-011-0293-3
https://doi.org/10.1007/s13239-022-00619-1
https://doi.org/10.1186/s12938-016-0268-9
https://doi.org/10.3390/polym9010020
https://doi.org/10.1371/journal.pone.0218768
https://doi.org/10.1371/journal.pone.0218768
https://doi.org/10.1016/j.carrev.2017.01.002
https://doi.org/10.1016/j.carrev.2019.12.015
https://doi.org/10.4244/EIJV9I12A242
https://doi.org/10.1007/s10237-012-0432-5
https://doi.org/10.1007/s10237-012-0432-5
https://doi.org/10.1016/j.carrev.2020.09.013
https://doi.org/10.1016/j.carrev.2020.09.013
https://doi.org/10.5301/jabfm.5000217
https://doi.org/10.5301/jabfm.5000217
https://doi.org/10.4244/EIJV10I11A226
https://doi.org/10.4244/EIJV10I11A226
https://doi.org/10.4244/EIJ-D-22-00165
https://doi.org/10.4244/EIJ-D-22-00165
https://doi.org/10.1161/CIRCINTERVENTIONS.121.010868
https://doi.org/10.1161/CIRCINTERVENTIONS.121.010868
https://doi.org/10.1016/j.jacc.2024.08.067

	Advancements in Coronary Bifurcation Stenting Techniques: Insights From Computational and Bench Testing Studies
	ABSTRACT
	1   |   Introduction
	2   |   Coronary Bifurcation Stenting Strategies and Their Ongoing Clinical Debates
	3   |   Methods for Stent Technique Evaluation and Optimization
	3.1   |   Computational Simulations
	3.2   |   Bench Testing
	3.3   |   Multi-Objective Optimization

	4   |   Stenting Evaluation and Optimization Findings
	4.1   |   Consideration of Single-Stent or Provisional Side Branch Techniques
	4.1.1   |   Implant Technique
	4.1.2   |   Stent Design
	4.1.3   |   Patient-Specific Characteristics: Bifurcation Angle, Diameter, Plaque Composition
	4.1.4   |   Multi-Objective Optimization of Stent Design

	4.2   |   Consideration of Two-Stenting Techniques

	5   |   Discussion and Outlook
	Author Contributions
	Acknowledgments
	Ethics Statement
	Conflicts of Interest
	Data Availability Statement
	References


