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Abstract

Aims: This study sought to investigate the possible influence of different bifurcation stenting techniques on
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o drug-eluting stents

¢ finite element
analysis

and drug-eluting numerical models.

Methods and results: A virtual bench test based on explicit dynamics modelling was used to simulate pro-
cedures on bifurcated coronary vessels performed according to three different stenting techniques: provi-
sional side branch stenting, culotte, and Tryton-based culotte. Geometrical configurations obtained after
virtual stenting simulations were used to perform fluid dynamics and drug elution analyses. The results
showed that substantially different patterns of mechanical deformation, shear stress and theoretical drug elu-
tion were obtained using the different techniques. Compared with conventional culotte, the dedicated Tryton
seems to facilitate the intervention in terms of improved access to the main branch and to lower its biome-
chanical influence on the coronary bifurcation in terms of mechanical and haemodynamic parameters.

However, since the Tryton stent is a bare metal stent, the drug elution obtained is lower.

Conclusions: Numerical models might successfully complement the information on stenting procedures
obtained with traditional approaches such as in vitro bench testing or clinical trials. Devices dedicated to
bifurcations may facilitate procedure completion and may result in specific patterns of mechanical stress,

regional blood flow and drug elution.
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Abbreviations

BMS bare metal stent

CFD computational fluid dynamics
DES drug-eluting stent

FKB final kissing balloon

MB main branch

osl oscillatory shear index

PEEQ  plastic equivalent deformation
RRT relative residence time

SB side branch

TAWSS time-averaged wall shear stress
WSS wall shear stress

Introduction

Despite recent technical and clinical improvements, bifurcated coro-
nary artery lesions still remain an open challenge for interventional
cardiologists performing percutaneous coronary interventions. The
“optimal” procedure of stent implantation in bifurcated lesions has
still not been defined but should theoretically restore both main
branch (MB) and side branch (SB) patency, avoiding major myocar-
dial injury and allowing a simple and straight execution. Among the
different controversies relating to the optimal technique, a major
issue is the choice between a single- and a double-stenting approach.
At present, available clinical data on bare metal stents (BMS) and
drug-eluting stents (DES) suggest that simple strategies are associ-
ated with lower rates of adverse clinical events, while increased pro-
cedure duration, fluoroscopy times and contrast volume affect
complex strategies. As a consequence, in most cases a single-stent
provisional technique should be considered as the preferred strategy'.
However, such evidence stems from studies using standard DES and
may be challenged by novel technical innovations such as stents ded-
icated to bifurcations®. These devices may provide new treatment
options by solving a series of technical problems relating to the
implantation of regular stents in bifurcated lesions. Among the differ-
ent dedicated devices, the Tryton side branch stent (Tryton Medical,
Durham, NC, USA), has been clinically tested obtaining promising
results®*. Tt is a balloon-expandable cobalt-chromium BMS charac-
terised by three different specific designs which are designed to facil-
itate the culotte technique.

During the evaluation of novel interventional devices, virtual
modelling techniques based on numerical methods are emerging as
a valuable tool for the assessment of several mechanical (arterial
wall and stent strut stresses)™® and haemodynamic variables (shear
stresses, drug release)’ !> which are hardly detectable by means of in
vitro or in vivo experiments. Novel evidence obtained through these
methods might be used by physicians to complement the informa-
tion coming from traditional studies, especially in the case of new
dedicated devices or particular techniques where large randomised
trials are currently lacking mainly due to high costs and duration.

Accordingly, an innovative virtual tool that includes structural'®,
computational fluid dynamics (CFD)"*!* and drug-eluting'® numeri-
cal models was implemented in this study, using both commercial
and in-house developed software. In particular, the present study

aimed to assess the biomechanical influence provoked by three dif-
ferent stenting procedures: provisional side branch (PSB) stenting,
a standard stent-based (“conventional”) culotte and a Tryton-based
culotte. The geometrical configurations of stents and arteries obtained
through the virtual stent deployments were then used to create more
realistic blood volumes for the CFD and drug elution studies. Results
of the simulations are presented in a comparative way, mainly focus-
ing on the potential advantages and criticisms arising from the use of
single- or double-stenting procedures and of conventional or dedi-
cated devices.

Methods

In the present study, a sequential implementation of three different
numerical models, each one investigating a specific biomechanical
aspect of stenting procedures in coronary bifurcations, was devel-
oped and applied.

First, a structural model simulating the stent expansions in hyper-
elastic coronary bifurcations'> was used to provide insights on the
stress fields in both the arterial wall and the implanted devices.
Afterwards, the realistic geometries obtained were used to investi-
gate the haemodynamic influence of stenting procedures on the
blood flow!'*!*. Finally, the patterns of drug delivery to the lumen
and the arterial walls were assessed by means of an in-house devel-
oped. code'®. Details regarding the numerical models have been
published previously and will be summarised in the following sec-

tions to highlight their main features.

VIRTUAL BENCH TESTING
In a virtual bench test, structural analyses were implemented to
simulate stenting procedures and obtain important biomechanical
quantities such as stresses and deformations. This model” is based
on the solution of an explicit dynamics problem by means of
ABAQUS/Explicit commercial code (Dassault Systemes Simulia
Corp., Providence, RI, USA) and involves three main entities:
a three-layered hyperelastic bifurcated artery, elastic angioplasty
balloon models and elasto-plastic metallic stents (Figure 1). The
internal diameters of the bifurcation respected the ratios proposed
by the Murray law'” and were 3.28 mm, 2.78 mm and 2.44 mm for
the proximal part of the MB, the distal part of the MB and the SB,
respectively. The vessel wall was characterised by a constant thick-
ness of 0.9 mm and the bifurcation angle was chosen equal to 45°.
Angioplasty balloons, modelled to behave according to the typical
dilation performance of semi-compliant balloons, had a diameter of
3 mm for MB and 2.5 mm for SB, respectively. The two examined
stents were designed to resemble the XIENCE V DES system
(Abbott Laboratories, Abbott Park, IL, USA) and the dedicated
Tryton side branch BMS (Tryton Medical). Stent dimensions are
shown in Figure 1. Positions of the devices, specific boundary con-
ditions and pressure loads have been accurately defined in order to
replicate the following stenting procedures'®:
1. Provisional side branch stenting (PSB): a XIENCE V stent plat-
form crimped to an external diameter of 1.2 mm was positioned

across the bifurcation and implanted by inflating a 3 mm balloon
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at 15 atm. After deployment, final kissing balloon (FKB) infla-
tion was simulated by simultaneous inflation of a 3 mm balloon
in the MB and a 2.5 mm balloon in the SB (accessing the SB
through the more distal strut available at the SB ostium).

2. Conventional culotte (CUL): a XIENCE V stent, crimped to an
external diameter of 1.2 mm, was implanted across the proximal
part of the MB and the SB. Then, access to the distal MB was
achieved by expanding a 3 mm balloon through side cells of the
SB stent struts. Afterwards, a second XIENCE V stent was
implanted in the MB across the SB take-off. The procedure was
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ended by a FKB inflation using a 3 mm balloon in the MB and

i - 3. Tryton-based culotte (TRY-CUL): the Tryton stent, crimped to an

external diameter of 1.2 mm, was implanted across the proximal
part of the MB and the SB. Access to the distal MB was obtained
by opening the SB stent struts with a 3 mm angioplasty balloon.
Then, a XIENCE V stent was implanted in the MB across the SB
take-off. The procedure was ended by a FKB inflation using
a 3 mm balloon in the MB and a 2.5 mm balloon in the SB".

Figure 1. 4) 3D model of the coronary bifurcation respecting the
dimensional Murray law; B) CAD model of the two stents

investigated: the conventional stent XIENCE V (top) and the As an example of the virtual bench testing modelling used, the
dedicated device Tryton side branch stent (bottom). All measures complete simulation of the Tryton-based culotte is provided in
reported are in millimetres. Figure 2 and Moving image 1.

EXPANSION OF TRYTON OPENING OF THE MAIN _ EXPANSION OF A MULTILINK
IN THE SIDE BRANCH BRANCH ACCESS > STENT IN THE MAIN BRANCH

Figure 2. Virtual structural simulation of the Tryton-based culotte technique: implantation of the Tryton stent in the SB with a 2.5 mm balloon;
opening of the MB using a 3 mm balloon; expansion of a conventional XIENCE V stent in the MB with a 3 mm balloon; FKB inflation
performed with a 2.5 mm balloon in the SB and a 3 mm balloon in the MB.
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After virtual bench testing, the metal-to-artery ratios (ratio
between the total area of the external surfaces of the stents and the
area) at the level of the proximal segment of the MB and the plastic
equivalent deformations (PEEQ) were calculated and compared
among the three investigated stenting techniques to evaluate,
respectively, the effects of stent overlap and the specific stent
deformations.

Additionally, since procedural pitfalls during complex bifurcation
stenting procedures may play a major role, we sought to investigate
the role of the SB stent rewiring site (a well-established major issue
during the provisional technique) on culotte techniques. Thus, a thor-
ough investigation of this aspect was carried out in this study. Optimal
rewiring should allow the deployment of the second device and
maintain free access to both branches, reducing potential procedural
complications. Investigation of this issue was performed by evaluat-
ing the cross-sectional area available for an optimal rewiring in the
case of the CUL and TRY-CUL techniques. Lastly, while conven-
tional stents have a regular strut pattern, Tryton performance may be
influenced by its asymmetric design, and cases of Tryton rotated by
30° and 60° (worst scenario possible) were also investigated.

A qualitative validation of such methods has been proposed in
several previous studies®'>?° by comparing the geometrical stented
configurations obtained after virtual simulation and after in vitro
expansions in artificial arterial models.

FLUID DYNAMICS MODEL

The final geometrical configurations obtained by virtual bench test-
ing in the coronary bifurcation were used to create the fluid volume
for CFD analyses (Figure 3)'*!*. CFD simulations were focused on
near-wall analyses due to the importance of near-wall quantities on

post-stenting drawbacks such as in-stent restenosis.

Blood was defined as an incompressible, non-Newtonian fluid
using the Carreau model proposed by Seo et al*!. A no-slip condi-
tion was applied between the fluid and the arterial walls which were
assumed to be rigid. A transient velocity profile measured by Davies
et al”? in a human left anterior descending artery was applied with
a constant 70:30 flow split between the MB and SB. Assessment of
the velocity field, wall shear stresses (WSS) and relative residence
time (RRT)> in the stented regions was obtained. In particular, RRT
was defined as follows:

1

RRT (1-2-OSI) TAWSS

where OSI?* is the oscillatory shear index and TAWSS is the time-
averaged WSS. RRT can be associated to the residence time of the
particles near the wall. Moreover, it has a more tangible connection
to the biological mechanisms underlying atherosclerosis than WSS
and OSI*%. Low WSS and high RRT are recognised as critical for
the problems of both atherogenesis and in-stent restenosis®*?’.

DRUG-ELUTING MODELS

In complex lesions such as coronary bifurcations®, understanding
the capabilities of the elution of antiproliferative drugs becomes
essential in the assessment of different stenting procedures.
Starting from the deformed configurations obtained via structural
analyses, a computational model to perform the coupled analysis
of fluid dynamics and drug release was applied using an in-house
code'®?. The model takes into account the diffusion and dissolu-
tion mediated drug release process with a finite dissolution rate
according to the equations proposed in Frenning et al*’. More pre-
cisely, a drug dissolves and diffuses through the interstices of the
DES coating in order finally to reach the outer surface and be

released. For drug transport into the arterial walls, drug diffusion

B Inlet mean velocity [m/s]
0.30
0.25
020 OUTLET SB
(30%)
0.05 /
0.00
(1] 0.2 0.4 0.6 0.8 1
Time [s]
OUTLET MB
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Figure 3. A) Definition of the fluid volume after the structural expansion of case 3. B) CFD model and velocity tracing applied at the inlet

section of the bifurcation.
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and binding as well as arterial leakage are relevant phenomena®'.
For this reason a fully coupled steady simulation of blood flow
and intramural plasma filtration was performed. The obtained
pressure and velocity fields were then used to perform the analy-
sis of drug release.

According to the model proposed by D’Angelo et al®, the
drug concentration inside the lumen is governed by an advec-
tion-diffusion model. Drug absorption in the arterial wall is
described by means of an advection-diffusion model as for the
lumen, complemented by a reaction term accounting for dynamic
binding of the drug to the extracellular matrix33. The drug dif-
fusion coefficient refers to the release of heparin®. The interplay
between the drug releases into the lumen and the arterial wall is
governed by interface conditions prescribing mass conservation
and accounting for the selective role of the endothelial layer. For
healthy tissue, the low endothelial permeability to medium/large
molecules is considered to be the main barrier to intramural
mass transport’®. The situation may be radically different in
stented arteries, especially immediately after treatment and
when DES are utilised, because the endothelium is severely
damaged during PCI. The absence of endothelial resistance to
transport is accounted for in our model by prescribing continuity
of drug concentrations between the arterial lumen and the wall.
For the stent struts, we assumed a squared section 0.08 mm wide
(which is coherent with the selected stent platform)?®’. As a result
of that, the equivalent radius is equal to 0.052 mm. The coating
consists of a polymeric film with a thickness of 7 um. In order to
evaluate the drug delivery to the arterial wall, we addressed the
dose, which is defined as the time-averaged drug concentration
at each point of the arterial wall, and its mean value over a given
control volume. In particular, the drug doses for the whole
region of the coronary bifurcation domain and for three mean-
ingful subregions, namely the proximal part of the MB, the dis-
tal part of the MB and the SB region, were evaluated.

Results

GEOMETRICAL CONFIGURATIONS AND PHYSICAL
DEFORMATIONS

Figure 4 shows the final geometrical configurations obtained at the
end of virtual bench testing. Since all the simulated procedures
included optimal (distal) SB rewiring and FKB inflation, all the cases
resulted in patent accesses to both the MB and the SB.

Metal-to-artery ratios in the proximal region of the MB are shown
in Figure 5. In the PSB approach only one stent is implanted resulting
in a metal-to-artery ratio equal to 13.2%. On the other hand, when
two conventional devices are implanted as in CUL, the ratio increases
to 27.4%. In the case of TRY-CUL, the use of the dedicated stent,
thanks to fewer struts in its proximal design, reduces the ratio to
20.6%.

Regarding stent deformation assessment, the maximum PEEQs
obtained at the end of the procedures in the three simulated tech-
niques are reported in Figure 6. In the case of PSB stenting, results
showed that the maximum deformation value (0.75) is obtained in the
stent strut at the ostium of the SB opened during the FKB inflation.
This final step also influences the deformation state in the proximal
part of the MB stent by increasing the max values of PEEQ from 0.33
to 0.43. Similar values of deformations can be found in the MB stents
deployed in cases of CUL and TRY-CUL. On the other hand, looking
at the plastic equivalent deformations induced in the stents implanted
from the proximal MB towards the SB during the two culotte tech-
niques, we found that the conventional stent used in CUL undergoes
very high deformations in the strut opened towards the MB (0.95),
while the dedicated stent used in the TRY-CUL has lower deforma-
tion overall with its higher deformation values (0.65) at the ring of
struts located at its proximal end.

FLUID DYNAMIC ANALYSES: WSS AND RRT
Fluid dynamic analyses disclosed significant differences among
the three investigated techniques at the level of the proximal MB.

Figure 4. Final deformed geometrical configurations at the end of the three simulated procedures. A) Provisional side branch stenting (PSB);

B) culotte technique performed with two conventional stents (CUL),; C) culotte technique performed with a conventional XIENCE V stent in

the MB and the Tryton stent in the SB (TRY-CUL).
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Figure 5. Metal-to-artery ratios for the three cases investigated. A) PSB, B) CUL, and C) TRY-CUL. The measured ratios in the same region of

the proximal MB are 13.2%, 27.4% and 20.6%, respectively.
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Figure 6. Comparison between the plastic equivalent deformations (PEEQ) obtained at the end of the stenting procedures in the case of PSB
stenting (left), CUL (right, top) and TRY-CUL (right, bottom). Magnification areas show maximum values obtained in the implanted devices.

Figure 7 depicts the contour maps of the TAWSS (left) and RRT
(right) in the three cases examined. Overall, contour maps for both
parameters concordantly showed that better shear stress pattern in
the proximal MB is obtained with PSB (single layer of stent struts),
while the double metallic layers associated with the CUL and TRY-
CUL have an adverse impact on shear stresses by enhancing the
areas with low shear stress. In particular, numerical TAWSS analy-
sis showed that the percentage areas of the proximal part of the MB
characterised by TAWSS lower than 0.25 Pa were 56.0%, 88.1%
and 71.6% for PSB, CUL and TRY-CUL, respectively. Similar
results were obtained in the RRT analysis (Figure 7, numerical
data not shown).

THEORETICAL DRUG ELUTION CAPABILITY

For each stenting procedure, the total amount of drug concentration
in the arterial wall is reported in Figure 8 at different time points.
The drug supply to the arterial wall increases up to six hours and
then a decrease is observed since the total amount of drug in the
stent coating has been completely released. The mean dose was
quantified and displayed in the histograms of Figure 9 taking into
consideration the different bifurcation areas. Reported graphics
show that major differences in the pattern of drug release are
obtained with the three investigated techniques. In particular, it is
evident how drug release in the SB is only effective after the
implantation of a DES. Furthermore, strut distribution and different
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Tryton-based culotte | Conventional culotte | Provisional SB stenting

Figure 7. TAWSS and RRT contour maps. Comparison between PSB stenting (top), CUL (middle) and TRY-CUL (bottom).

Figure 8. Drug distribution in the arterial wall of the coronary bifurcation evaluated at different time points (1 hr, 6 hr, 24 hr, 48 hr) for the
PSB stenting (A), conventional CUL (B) and TRY-CUL technique (C).
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Figure 9. Mean drug dose evaluated for the whole bifurcation (red) and for the proximal (blue), distal (green) and side branch portions

(vellow) for the three investigated procedures. The values are normalised with respect to the maximum value of the dose.

stent designs have been shown to affect the drug concentration in
the arterial walls greatly, especially in the proximal MB where mul-
tiple metallic layers occur. The comparison of these values among
PSB, conventional and Tryton-based culotte configurations is more
thoroughly discussed in the next section.

SB STENT REWIRING: IMPORTANCE OF A DEDICATED DESIGN
SB stent rewiring may have a major role within culotte techniques.
The available areas for optimal re-crossing of the device are equal to
8.7% after XIENCE V deployment and 59.4%, 47.6% and 40.8% for
the three deployments of Tryton (ideal case, rotation 30° and rotation
60°, respectively) (Figure 10). As a consequence, the dedicated stent
seems to facilitate the SB stent rewiring. In all the cases, if optimally
re-crossed, the expansion of a MB balloon results in a patent access
to the MB. Instead, procedural complications due to suboptimal re-
crossing of a conventional stent seem to be more likely and may lead
to negative geometrical and haemodynamic conditions, especially in
relation to the new metallic carina (Figure 11).

Discussion
The combination of the results obtained from the three numerical
models previously described provides new insights into several

aspects of the treatment of coronary bifurcations with single- or
double-stenting procedures, conventional or dedicated devices. The
Tryton stent is characterised by fewer struts in its proximal part and
is designed to overcome some of the procedural complications
which affect double-stenting techniques, such as wide double
metallic layers or problematic accesses with the second device.
Firstly, a critical point of double-stenting procedures, particularly
evident in the culotte techniques, is the occurrence of double or even
triple metallic layers®. These issues might result in higher metal-to-
artery ratios, an indication of a biomechanical environment more dis-
posed to arterial wall injuries and post-stenting complications. In this
work, the three cases investigated show very different metal-to-artery
ratios in the proximal part of the MB where the double metallic layer
occurs (Figure 5). In particular, the PSB approach results in the low-
est metal-to-artery ratio since only one stent is implanted. On the
other hand, when two conventional devices are implanted as in the
conventional culotte, the ratio doubles. The use of the Tryton SB
stent, thanks to fewer struts in its proximal design, reduces this ratio
to 20.6%. The presence of a double metallic layer has a negative
influence on the haemodynamic field as well, as proved by the fluid
dynamic results illustrated in Figure 7. Low values of WSS are con-
sidered as risk factors of in-stent restenosis and, as a consequence,
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AFTER SB STENTING

m
=
S
=
—
(1]
=
(1]
=
=
(=]
=
\S]
o
—
5
O
=
H
H
=
'
—_
H
1
w

AFTER BALLOON
DEPLOYMENT IN THE MB

Figure 10. Top: different accesses to MB after SB stent expansion with a 2.5 mm balloon. A) Deployment of the conventional XIENCE V stent,
B) implantation of the Tryton SB stent in the ideal configuration, and rotated C) at 30° and D) at 60°, the worst possible scenario. Yellow
areas represent the available area for optimal re-crossing of the device and are equal to 8.7%, 59.4%, 47.6% and 40.8%, respectively. Bottom:
geometrical configurations after the deployment in the MB of a 3 mm balloon.

A OPTIMAL ACCESS TO MB SUBOPTIMAL ACCESS TO MB

Velocity [m/s]

I 0.5

Figure 11. Comparison between an optimal and a suboptimal access to MB in the case of conventional CUL. A) Optimal (left) and suboptimal
(right) crossing of the device with an angioplasty balloon. In the views from the proximal part of the MB, the crossing area is highlighted in
yellow. B) Final configuration of the devices after the conventional CUL technique. A longer new metallic carina is obtained with the
suboptimal access, as underlined in the close-ups of the transversal planes. C) Velocity magnitude contour maps at the maximum flow rate: in
the magnification areas, the low velocities and more disturbed flow provoked by the longer metallic carina are visible.
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should be avoided*. TAWSS magnitude contour maps of the three
cases confirm that the presence of stent struts provokes a decrease of
the WSS acting on the arterial wall: this is particularly evident in the
regions characterised by the overlapping of the two stents as in the
case of the conventional culotte. If compared to this case, the dedi-
cated device improves the haemodynamic conditions by decreasing
the percentage of areas with low WSS from 88.1% in case 2 to 71.6%.
Another critical issue is that conventional devices are designed to
reach stresses and deformations that might be potentially exceeded
during challenging techniques used in complex geometries such as
coronary bifurcations. This occurrence might undermine the mechan-
ical integrity of the devices. Beyond structural integrity and potential
stent fracture, other important drawbacks have been related to the
high deformations achieved during the expansions. Previous reports®
show that very high deformations in the device might lead to struc-
tural damage and delamination of the polymer that covers the stent
struts and carries antiproliferative drugs. Polymer delamination could
lead to an inhomogeneous distribution of the eluted drug, disturbing
the correct healing process of the artery. Indeed, structural simula-
tions show that in all cases very high stresses and PEEQ are found in
the conventional devices deployed (Figure 6). In particular, looking
at the MB stent, high plastic deformations are found in all those stent
struts rewired with a SB angioplasty balloon and opened during FKB
inflations. However, these values, ranging from 0.61 to 0.77, are
lower than those obtained in the case of conventional culotte after the
re-crossing of the SB stent with a 3 mm balloon dilated in the MB.
PEEQ values are equal to 0.95 and localise at the strut hinges close to
the arterial wall opposite the bifurcation. The same step does not
seem to be so critical in the case of the Tryton-based culotte since
lower values of stresses and PEEQ (around 0.65) are found in the
dedicated device deployed in the SB. This occurrence proves that
a dedicated design might be needed to decrease the mechanical
stresses and strains on the devices.

In the DES era, the capability of eluting a drug has become an
essential requirement for coronary stents. Since in vitro or in vivo
investigation of this aspect is technically very complex and demand-
ing, numerical models started to be exploited and proved their abil-
ity to assess drug delivery in the arterial wall'®**3!. In this work, the
numerical models described in the section on drug-eluting models
have been applied to the three investigated cases (Figure 8,
Figure 9). The comparison among the configurations gives rise to
interesting considerations. First, a higher drug dose is observed in
the conventional culotte procedure with respect to the PSB, but the
drug dosage is not doubled. Indeed, the incomplete stent apposition
and the superposition of the struts which occurs when two stents are
deployed in the proximal MB affect the optimal release of a drug to
the arterial wall causing drug loss in the blood stream. This occur-
rence was quantitatively demonstrated by Foin et al** through
experimental measurements on in vitro stent expansions. In that
study, the authors proved that a conventional CUL technique led to
a higher rate of strut malappositions (39.1£10.7%) as opposed to
a T-TAP procedure (4.2+7.2%) where no stent overlapping occurs.
Concerning the SB region, significant drug supply seems to be

provided only in the case when the SB is treated by means of a DES
(conventional culotte). A small supply of drug in the SB is observed
in the other cases and it is probably due to the flow-mediated drug
transport. The use of a dedicated BMS in the SB guarantees the re-
opening of the stenotic area but does not seem to be able to supply
a sufficient amount of drug to the SB. These results are in agree-
ment with the considerations by Grundeken et al?, who suggested
that further improvements might be achieved by coating these dedi-
cated SB devices with a drug, with the aim of not only providing an
optimal ostial scaffolding of the SB but also minimising the in-stent
restenosis. Moreover, the presence of bare metal struts in the proxi-
mal segment of the MB seems to influence the pattern of drug
release at this level after TRY-CUL.

Lastly, it is quite reasonable to assume that suboptimal proce-
dural outcomes could increase the potential risks of post-stenting
clinical complications such as in-stent restenosis or thrombosis.
Above all, double-stenting procedures seem to be more prone to
procedural errors mainly due to their technical complexity. In par-
ticular, within the culotte techniques a critical point is the crossing
of the first device implanted with an angioplasty balloon that
enlarges the stent struts and allows the advancement of the second
device in the other branch. An optimal balloon insertion should
cross the SB stent close to the bifurcation to let the struts adhere to
the arterial wall opposite the bifurcation without hindering the SB
access. Looking at the virtual bench test results in Figure 10, it is
clear that the dedicated stent provides a wider area (59.4%) availa-
ble for an optimal re-crossing (Figure 10B) if compared to the
standard stent (8.7%) (Figure 10A). Moreover, the highly regular
structure of the conventional stent makes the optimal crossing area
slightly affected by the uncontrollable rotation of the device. On the
other hand, a suboptimal procedure performed with the Tryton stent
rotated to 30° (Figure 10C) and 60° (worst scenario) (Figure 10D)
reduces the optimal crossing area to 47.6% and 40.8%, respec-
tively, still enhancing the performance of the conventional device
examined. In all these cases, the MB balloon inflation which fol-
lowed resulted in a completely patent access to the MB (Figure 10,
bottom), thus making rotational alignment of the Tryton SB stent
a trivial point. Accordingly, the use of a dedicated device seems to
have a lower chance of procedural complications due to suboptimal
SB stent rewiring. On the other hand, suboptimal rewiring of a con-
ventional SB stent seems to be more probable and, when it occurs,
may lead to negative geometrical and haemodynamic conditions.
For instance, Figure 11 provides a comparison between an optimal
conventional CUL technique (Figure 11, left) and an example of
suboptimal procedure obtained crossing the stent struts far from the
bifurcation (Figure 11, right). In the second case, the result of the
MB balloon deployment is a patent MB ostium but a problematic
access to the SB caused by the presence of several stent struts. In
this way, after MB stent deployment, FKB inflation could only be
performed with a proximal access to the SB, leading to a greater
new metallic carina. Results in terms of geometrical configuration
and haemodynamic influence at the end of the whole procedure are
visible in Figure 11B and Figure 11C, respectively. In particular,
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differences can be found looking at the longer new metallic carina
obtained in the suboptimal case (3.95 mm) as opposed to the opti-
mal one (2.65 mm). This new metallic carina has a great influence
on the haemodynamic field as proved by the CFD results shown in
Figure 11C. In particular, a wider area of low velocities and recir-
culations is visible close to the bifurcation. Recently, this issue
obtained increased interest in the clinical field as it has been asso-
ciated with delayed healing and a major risk of thrombotic events*.
Our findings are in agreement with recent studies, such as those
presented by Foin et al***>, where CFD simulations based on in
vitro expansions of stents in polymeric silicone models were per-
formed. Lastly, in the suboptimal case, slight increases in the
mechanical stresses and strains on the devices in terms of Von
Mises stress and plastic deformations at the maximum expansion

were also found.

Study limitations
Despite their continuous improvements and development, numeri-
cal models are still affected by a number of limitations that need to
be overcome to replicate in vivo clinical conditions. In this light, the
results herein presented should be carefully interpreted when draw-
ing any clinical conclusion and the values should not be considered
as absolute but only used for comparative assessment of different
cases. In the following paragraph, a list of the major assumptions
made is provided:

— Artery: the materials used to define its mechanical behaviour did
not consider its anisotropic and inhomogeneous nature. Moreover,
the geometries used in this work had realistic dimensions but rep-
resented idealised models.

— Atherosclerotic plaques were not included in the model.

— Stent models could differ slightly from the actual commercial
devices both in terms of geometry and materials. In particular,
a common medical Co-Cr alloy was used for all the devices even
if each stent is characterised by a typical alloy whose specific
composition and treatment is most of the time unknown.
Moreover, no data were available for the exact behaviour of the
drug coating in terms of drug composition and drug release.
Lastly, only a single conventional stent was investigated.

— No image-based reconstructions were used. Indeed, the models
implemented could not provide patient-specific indications but
only general guidelines which must be carefully interpreted and
adapted to every specific clinical case.

Lastly, validation is currently the major issue for biomechanical

numerical models. A direct validation is not straightforward, mainly

due to the lack of experimental studies on stenting procedures,
especially regarding the CFD and drug elution models. Difficulties
in measuring haemodynamic and drug transport quantities together
with the complexity and small dimensions of metallic stents
strongly limit both in vivo and in vitro experimental studies. As

a consequence, only some indirect qualitative comparisons among

numerical simulations and in vitro expansions of metallic stents

have been proposed in the recent literature and certainly in the near
future great efforts should be dedicated to overcome this issue.

Conclusions

This work shows how numerical models might successfully com-
plement the information on stenting procedures obtained with tradi-
tional approaches such as in vitro bench testing or clinical trials.
Their ability to provide direct information on clinically interesting
biomechanical variables such as mechanical stresses in the artery
and the stents could facilitate the design process of the devices and
clinical planning. In particular, this work confirmed that new dedi-
cated devices, still requiring some improvements in their design
and concept, might be an interesting opportunity when stenting cor-

onary bifurcation lesions.
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Impact on daily practice

The present study gives evidence of the additional knowledge
made available by computational reconstructions of DES implan-
tation in bifurcated coronary segments. We showed how different
techniques with standard DES or Tryton stents are associated
with different patterns of stent strut distribution, shear stress and
drug elution at the level of the treated bifurcation. Of note,
Tryton-facilitated culotte, as compared with culotte with two
DES, is associated with a lower metal-to-artery ratio, but has no
significant drug elution into the side branch. Furthermore, both
conventional culotte and Tryton-based culotte techniques have a
final strut distribution which is dependent on stent orientation
during placement and side branch rewiring before kissing. All
these aspects may theoretically play a role in determining the
clinical outcome of patients undergoing percutaneous coronary
intervention on bifurcations. Moreover, these technical aspects
are usually not considered during bifurcation interventions and
may be checked in clinical practice by using the latest generation
non-invasive imaging modalities, such as optical coherence

tomography.
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Online data supplement

Moving image 1. Animation of the Tryton-based culotte tech-
nique. 1) Deployment of the Tryton stent with a 2.5 mm balloon
across the bifurcation; 2) inflation of a 3 mm balloon through the
side branch stent struts in order to free the access to the distal part
of the main branch; 3) implantation of a XIENCE V stent in the
main branch by deployment of a 3 mm balloon; 4) final kissing
balloon inflation.
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