POLITECNICO DI TORINO
Repository ISTITUZIONALE

Optimal Site for Proximal Optimization Technique in Complex Coronary Bifurcation Stenting: A
Computational Fluid Dynamics Study

Original

Optimal Site for Proximal Optimization Technique in Complex Coronary Bifurcation Stenting: A Computational Fluid
Dynamics Study / Zuin, M., Rigatelli, G., Chiastra, C.. - In: CARDIOVASCULAR REVASCULARIZATION MEDICINE. -
ISSN 1553-8389. - ELETTRONICO. - 21:7(2020), pp. 826-832. [10.1016/j.carrev.2019.12.015]

Availability:
This version is available at: 11583/2859552 since: 2021-01-04T18:13:39Z

Publisher:
Elsevier Inc.

Published
DOI:10.1016/j.carrev.2019.12.015

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright

(Article begins on next page)

24 June 2026



Accepted manuscript at https://doi.org/10.1016/j.carrev.2019.12.015

Optimal Site for Proximal Optimization Technique in Coronary Bifurcation

Stenting: a Computational Fluid Dynamics Study

Running Title: Proximal Optimization technique in Left Main bifurcation
Marco Zuin!”, Gianluca Rigatelli?*, Claudio Chiastra®

1 Section of Internal and Cardiopulmonary Medicine, University of Ferrara, Faculty of Medicine
Ferrara, Italy; Division of Cardiology Santa Maria della Misericordia Hospital, Rovigo, Italy

2 Department of Cardiovascular Diagnosis and Endoluminal Interventions, Santa Maria della
Misericordia Hospital, Rovigo, Italy.

3 PoliToB'°Med Lab, Department of Mechanical and Aerospace Engineering, Politecnico di Torino,
Turin, Italy

*The authors equally contribute to the manuscript

Type of Article: Original research

Conflict of interest: None of the authors have conflict of interest to declare

Key words: Left main; bifurcation; Myocardial infarction; Wall shear stress

For Correspondence:

Prof. Gianluca Rigatelli MD, FACP, FACC, FESC, FSCAI
Cardiovascular Diagnosis and Endoluminal Interventions,
Rovigo General Hospital, Viale Tre Martiri, 45100, Rovigo, Italy
Phone: +3903471912016; Fax: +390425394513,;

e-mail: jackyheart@libero.it


https://doi.org/10.1016/j.carrev.2019.12.015

Accepted manuscript at https://doi.org/10.1016/j.carrev.2019.12.015

Abstract

Background/purpose

The optimal position of the balloon distal radio-opaque marker during the post optimization
technique (POT) remains debated. We analyzed three potential different balloon positions for the
final POT in two different two-stenting techniques, to compare the hemodynamic effects in terms of

wall shear stress (WSS) in patients with complex left main (LM) coronary bifurcation.

Methods/materials

We reconstructed the patient-specific coronary bifurcation anatomy using the coronary computed
tomography angiography (CCTA) data of 8 consecutive patients (6 males, mean age

68.2+ 18.6 years) affected by complex LM bifurcation disease. Subsequently a virtual bench test
was performed in each patient using two different double stenting techniques represented by the DK
and Nano crush using the reconstruction of Orsiro stents (Biotronik IC, Bulack, Switzerland).

Results

A significant reduction in the mean WSS values in all the lesion’s sites was observed when the final
POT was performed 1 mm distally the carina cut plane in both techniques. Moreover, a significant
improvement in the mean WSS values of the entire SB (e.g. LCX) was obtained performing the
POT 1 mm distally to the carina cut plane. The proximal POT resulted in larger area of lower WSS
values at the carina using both the Nano crush and the DK crush techniques.

Conclusions
In patients with complex LM bifurcation disease the use of a final POT performed 1 mm distally to
the carina cut plane might results in more favourable WSS patterns (i.e. higher WSS values) along

all stented segments and, especially, along the entire LCX lesions.
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1. Introduction

Over the latest years, both bench and computational analyses have suggested that proximal
optimization technique (POT) offers some clear biomechanical advantages compared to the kissing
balloon dilatation (KBD) during stenting of coronary artery bifurcation disease [[1], [2], [3], [4],
[5]]. Currently, the POT is recommended by the European Bifurcation Club consensus paper [6]
since this technique can correct both the proximal main vessel (MV) malapposition and side branch
(SB) obstruction facilitating at the same time the SB re-wiring [7]. Generally, the POT is performed
positioning the distal balloon marker just at the carina cut plain [6]. However, the optimal position
of the balloon distal radio-opaque marker, with respect to the carina, remains debated.

As well known, wall shear stress (WSS) has a pivotal role in coronary arteries, exerting its effect on
plaque progression, vascular remodeling, and arterial healing after percutaneous coronary
intervention (PCI) [8]. In the present study, by using virtual bench stenting and computational fluid
dynamics (CFD) analysis, we analyzed three potential different balloon positions for the final POT
in two different two-stenting techniques, represented by the Nano and Double Kissing (DK) crush
in the effort to compare the hemodynamic effects in terms of WSS in patients with complex

coronary bifurcation.

2. Material and methods

2.1. Patient selection

We reconstructed the patient-specific coronary bifurcation anatomy using the coronary computed
tomography angiography (CCTA) data of 8 consecutive patients (6 males, mean age

68.2+ 18.6 years) affected by complex left main (LM) bifurcation disease evaluated between 1st
January 2018 and 1st June 2018 at the section of Cardiovascular diagnosis and endoluminal
interventions of Rovigo General Hospital, Italy.

Inclusion criteria were patients aged >18 years old with severe unprotected LM bifurcation disease
assessed by both CCTA and then by coronary angiography (CA). Specifically, unprotected complex
LM bifurcation disease was defined as: (1) a stenosis with a diameter of >50% involving the mid-
shaft/distal main vessel with significant involvement (>50% luminal narrowing and >10 mm length
by visual estimation) of the left anterior descending coronary artery (LAD) and left circumflex
artery ostia (diameter > 2.5 mm by visual estimation) and, (2) without any patent graft to the left

anterior descending artery or left circumflex artery.
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Exclusion criteria were previous CABG, diffuse coronary artery disease or any significant (<50%
luminal narrowing) stenoses of LAD, LCX or right coronary artery (RCA) because any other focal
narrowing or diffuse coronary disease might have produced some bias in the CFD analysis. Written
informed consent for the CCTA and CA were obtained from all patients and the local Board

approved the study.

2.2. Coronary computed tomography angiography

CCTA was acquired using a 64-slice multi-detector computed tomography scanner (64-detector row
Lightspeed VCT scanner, GE Healthcare, Milwaukee, W1, USA). Per our institution protocol,
before the imaging acquisition, patients were pre-treated with oral and/or intravenous beta-blockers,
as necessary, to achieve a target resting heart rate (HR) <70 beats/min. Electrocardiographic (ECG)
gating was used for all scans. The scanning protocol was adjusted for patient weight and heart rate
(HR). Blood pressure was measured with an arm-band sphygmomanometer just before the
examination. A bolus intravenous dose of iodine contrast was given through the basilic or cephalic
vein. The entire volume of the heart was acquired in 8-9 s during a single breath-hold. Each
examination was independently interpreted by a trained CT radiologist using a combination of axial

images, 3D volume-rendered images, multiplanar reformations, and maximum intensity projections

[2].

2.3. Coronary angiography

CA was performed using a 6F radial approach. Angiographic data were reviewed by a 20 years-
experienced angiographic operator (G.R.). Discordances between CCTA and CA results were
resolved via collegial discussion with the CT radiologist. Quantitative coronary angiography (QCA)
estimation (CAAS 11 5.0 version; Pie Medical, Maastricht, The Netherlands) was used to quantify
the coronary artery disease on CA while the type of bifurcation lesion was defined according to the

Medina classification [10].

2.4. Coronary bifurcation model

Population-based models of complex LM bifurcation were created. The mean carina angle aw
72.3 £ 18.6°. All the bifurcation lesion were angiographically classified as Medina class 1,1,1 [10].
The stenoses involving the LM, LAD and LCX ostia were 84.2 + 8.6%, 86.7 +3.1% and

83.2 £ 5.2%, respectively. The mean lesion lengths as well as basal and post-stenting mean lumen

diameters (MLDs) are described in Table 1. The reconstructed vessel wall consisted of three layers
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with realistic material properties of the coronary artery [11] while the atherosclerotic plaques were
modelled as lipid with a 4 mm long half-calcified ring distal to the carina. Fibrous and calcium
material properties were taken from experimental tests on human atherosclerotic tissues [12], while
the lipid was modelled as a very soft material [13]. The coronary vessel and plague meshes were

composed by 6624 and 1843 elements, respectively.

2.5. Virtual bench stenting

Finite element analyses were performed to virtually deploy and post-dilate stents and balloons. We
assumed that after stent deployment and implantation, both in the MB and SBs, there was no
residual stenosis. The simulated coronary stent resembles the strut design and linkage pattern of the
Orsiro stent (Biotronik IC, Bulack, Switzerland) and was generated by reverse-engineering using
high-resolution micro-computed tomography imaging. The Orsiro stent is characterized by very
ultrathin struts (60 um up to 3.0 mm diameter stent and 80 mm up to 4.0 mm stent) [14]. To keep
the analysis runtime reasonable, a finite element mesh consisting of 17,280 elements was used for
the Orsiro stent. Moreover, since this device is made of a Co— Cr alloy, its material properties were
taken from Schmidt et al. [15]. After the “virtual implantation” of the solid stent model in the
proper position inside the bifurcation geometry, by using Boolean operation, the deployed stent,
after the final POT was subtracted from the bifurcation to show the different distribution of WSS
along the domain.

We applied two double stenting techniques: (1) the DK crush, representative of double stenting
techniques with heavy metal amount at the carina, such as the classical crushing and the culotte
technique, and (2) the nano-crush technique, representative of techniques with no or very low

amount of metal at carina, such as the cross-over provisional T stent or mini crush.

2.6. Nano-crush

The technique was virtually replicated according to the following steps [16]: (1) Predilation of both
branches; (2) Stenting of the LCx with a cell protrusion between 0.5 and 1 mm in the proximal LM;
(3) Crushing of the stent with non-compliant balloon (NCB) in LM with a 1:1 ratio to LM diameter
at 20 atm; (4) LM stenting; (5) POT with a NCB on a 1:1 balloon: vessel ratio to LM at 20 atm; (6)
LCx rewiring; (7) Snuggle kissing with a NCB on a 1:1 balloon:vessel ratio; and (8) Final POT. An
example of the stent geometry at the end of the procedure is showed in Fig. 1, Panel A.
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2.7. Double kissing crush

The double kissing crush was virtually performed as follows [17]: 1) Predilation of both branches;
2) LCx stenting with protrusion into the LM; 3) Crush by LM dilation with NCB (20 atm); 4)
Proximal LCx rewiring; 5) First KB 1:1 NCB; 6) LM stenting; 7) LCx dilation; and 8) Final kissing

balloon. An example of stent geometry at the end of the analysis is showed in Fig. 1, Panel B.

2.8. Virtual final post optimization techniques

For the simulation we replicated and validated, according to the manufacturer's compliance chart a
4.0 x 12. Non-compliant Sprinter balloon (Medtronic, USA). Specifically, the balloon-tipped
catheter consisted of a guide wire, a catheter shaft and a folded NCB. The guide wire and catheter
shaft were discretised using 780 and 12,265 continuum elements, respectively, while the NC
balloon was discretised using 13,578 membrane elements. In order to identify an appropriate mesh
density, first a preliminary convergence study was carried out. The radio-opaque markers were
reconstructed as well to ensure an adequate position of the marker for the final POT. The balloon
material model was a classical one based on Hooke's theory of elasticity with Young's modulus

E =900 MPa and Poisson's ratio v= 0.3 [18,19].

Specifically, in each procedure, the POT was performed to the virtual distal shoulder position
(balloon parallelism loss) relative to the carina cut plane (Fig. 2) and defined as follows:

- Proximal, when the distal marker was 1 mm before the carina

- Standard, when the distal marker was just at the carina cut plane

- Distal, when the distal marker was 1 mm after the carina.

2.9. Computational fluid dynamics models

The reconstruction methodology was based on three steps: image acquisition, segmentation and
meshing. Specifically, to obtain the computational fluid domain, patient-specific geometries were
reconstructed using the open-source software package VMTK (Vascular Modeling Toolkit,

http://www.vmtk.org), identifying the MV vessel centerline and then splitting the branches of the

bifurcation. In a second step, external wall surfaces were created with circumferential cross sections
perpendicular to the center-lines using the computed-aided design software Rhinoceros 4.0
Evaluation (McNeel & Associates, Indianapolis, IN, USA) [20]. Atherosclerotic plaques were
modelled considering the distance between each node and the centerline of the luminal surface.
Coronary artery stenosis (Diameter Stenosis %) and minimal lumen area were calculated

considering the reconstructed coronary artery model. Specifically, the severity of the stenosis was
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computed as 100% minus the percentage of minimal lumen area to the reference lumen area.
Subsequently, the patient-specific geometries were discretized using ICEM CFD (ANSYS Inc.,
Canonsburg, PA, USA) into tetrahedral volume elements with a maximum size of 0.2 mm [21].
Meshing parameters included also a maximum surface element size of 0.2 mm for the LM segment
and 0.15 mm for the proximal length of both LAD and LCX (defined as the first tertile of the
branch lengths) and carina, respectively. Moreover, a prism layer consisting of four layers with a
height ratio of 1.2 was employed to capture the flow close to the lumen. A mesh independence
analysis was performed before the CFD simulations using the region adaptation function in Fluent
(ANSYS Inc.) to refine the computational grid.

Steady-state CFD simulations were performed using the commercial software Fluent (ANSYS Inc.)
to solve the governing equations of fluid motion:

pv-Vv= -V .1—VP
1)

V-v=0
@)

where v is the 3D velocity vector, P pressure, p density and T the viscous stress tensor.
The blood was modelled as a non-Newtonian and incompressible fluid with a density of 1060 kg/m?®

[[22], [23], [24], [25]]. In particular, the Casson model was chosen to describe the non-Newtonian

fluid [24,25]. The boundary conditions used for the simulation were obtained from patient-specific
data. Indeed, for the steady-state simulation, a constant velocity was applied at the inlet while a
flow division at the outlet. In particular, to estimate the patient-specific flow-rate, the patient-
specific stroke volume was calculated from the difference between the end-diastolic (EDV) and
end-systolic volumes (ESV) and then combined with the measured heart rate (HR) to obtain their
mean flow-rate. The calculated velocity was applied as inlet boundary condition at the LM entrance
with a flat profile while a flow split was imposed at the two outlet boundaries represented by the
end of LAD and LCX. Specifically, the Murray's law, which states that the flow division over two
branches equals the ratio of the diameters to the power of 3 [26], was used to estimate the flow-split

for the side branches.

2.10. Segmental analysis
The LM, LAD and LCX were divided into three sections, defined as proximal, medial and distal

thirds. More precisely, the LM proximal thirds started with the beginning of the stenosis involving
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the LM while the distal thirds ended in correspondence of the intersection of a virtual plane
perpendicular to the LM longitudinal axis and another plan crossing the carina perpendicularly.
Conversely, the proximal thirds of both LAD and LCX lesions started in correspondence of a virtual
plane crossing the carina and perpendicular to the longitudinal axes of each vessel while the distal
thirds ended with the end of each lesions, respectively. The medial thirds of each vessel's stenosis
were calculated as consequence after setting the proximal and distal thirds (Fig. 3). The WSS was
defined as the tangential force per unit of lumen area (Pa) that is tangentially acting to the surface
due to friction [23]. In particular, the mean WSS, before and after final POT, was calculated at the
proximal (WSSprox), medial (WSSmed) and distal (WSSqist) thirds at each branch of all stenotic
vessels. Moreover, the mean WSS of the entire stenoses of each vessel, represented by the LM
(WSS LMentire_tesion), LAD (WSS LADentire_lesion) and LCX (WSS LCXentire_lesion), Were computed.

Additionally, the mean WSS of the entire bifurcation (WWSentire_model) Was calculated.

2.11. Study endpoint

The study endpoint was to assess the differences in the mean regional WSS after performing the
final POT in three different positions in patients with complex LM bifurcation disease virtually
implanted using the Nano crush and DK crush techniques.

2.12. Statistical analysis

Continues variables were expressed as mean + standard deviation (SD) and were compared by
Student t-test if the data had normal distribution, otherwise by Wilcoxon-Mann-Whitney U test.
Differences in the mean WSS among the three different POT positions were evaluated with
ANOVA. Categorical variables presented as proportions and compared by the Pearson's ? test.
Statistical significance was defined as p <0.05. Statistical analyses were performed using SPSS
package version 20.0 (SPSS, Chicago, IL, USA).

3. Results

3.1. Lesion characteristics

The characteristics of the coronary artery lesions as well as the carina angle, derived from the
baseline CA in the 8 consecutive patients reviewed (6 males, mean age 68.2 + 18.6 years) to
reconstruct the 3D models, baseline and after stenting MLDs as well as lesions lengths are showed
in Table 1.
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3.2. Wall shear stress analysis

The mean proximal, medial and distal WSS in each vessel and at each site significantly decrease

using the three different POT positions (e.g distal, standard and proximal) (ANOVA p<0.001)

(Table 2). Specifically, the normal-higher mean WSS values were observed in each stented segment

when the final virtual POT was performed positioning the distal marker of the balloon 1 mm distal

to the carina cut plane. Intriguingly, the same favorable mean WSS values were confirmed
independently from the stenting technique used for the simulation. Moreover, no significant
differences in the mean WSS values were observed comparing the different lesions segments
among the two stenting techniques in patients treated with the same type of POT.

While the use of a proximal POT generated low WSS values in all vessels and segments, independently from

the stenting technique used, significant differences were observed comparing the standard POT (performed

at the carina cut plane) with the distal POT in both the stenting techniques.

— Standard vs Distal POT in Nano crush: Significant higher WSS mean values were observed in
the proximal and distal LM segments (6.2+0.2 vs 5.4+ 0.6 Pa, p=0.003 and 6.5+ 0.2 vs
5.8+ 0.5 Pa, p=0.002, respectively) and in the entire LCX lesion (6.1 +0.1 vs 5.2+ 0.8 Pa,
p=0.007 and 6.1 £0.2 vs 5.5+ 0.7 Pa, p=0.003, respectively) (Table 2).

— Standard vs Distal POT in DK crush: The mean WSS values resulted improved (i.e. were
higher) in the LM proximal segment comparing the standard and distal POT techniques in the
DK crush simulation (6.1 +0.3 vs 5.6 £ 0.4 Pa, p=0.01). Moreover, a significant improvement
in WSS was observed in the distal LM segment (6.2 + 0.6 vs 5.6+ 0.5 Pa, p=0.04) as well as in
the distal and entire LCX lesion (6.2 + 0.4 vs 5.3+ 0.5 Pa, p=0.003 and 6.2 £0.6 vs
5.6+£0.3 Pa, p=0.02) (Table 2).

— WSS at the carina: The proximal POT resulted in larger area of lower WSS values at the carina
using both the Nano crush and the DK crush techniques (Fig. 4, Panels A and D). Conversely,
the use of the standard (Fig. 4, Panels B and E) and the distal POT (Fig. 4, Panels C and F)
using both the nano crush and the DK crush approach allowed to obtain smaller areas of low
WSS.

3.3. Baseline vs post-stenting geometry

Difference between the basal and post-stenting geometry obtained after virtual stent deployment are
presented in Table 3. No significant differences were observed in the carina angle as well as in the
areas (mm?) of those regions of the geometry obtained after virtual stent deployment >0.25 mm

from the baseline geometry.


https://doi.org/10.1016/j.carrev.2019.12.015
https://www.sciencedirect.com/science/article/pii/S1553838919308115#t0010
https://www.sciencedirect.com/science/article/pii/S1553838919308115#t0010
https://www.sciencedirect.com/science/article/pii/S1553838919308115#t0010
https://www.sciencedirect.com/science/article/pii/S1553838919308115#f0020
https://www.sciencedirect.com/science/article/pii/S1553838919308115#f0020
https://www.sciencedirect.com/science/article/pii/S1553838919308115#f0020
https://www.sciencedirect.com/science/article/pii/S1553838919308115#t0015

Accepted manuscript at https://doi.org/10.1016/j.carrev.2019.12.015

4. Discussion

Our computational study, based on patient-specific coronary artery model and hemodynamic
conditions, demonstrates a significant reduction in the mean WSS values in all the lesion's sites
when the final POT was performed 1 mm distally the carina cut plane. Moreover, a significant
improvement in the mean WSS values of the entire SB (e.g. LCX) was obtained performing the
POT 1 mm distally to the carina cut plane. To the best of our knowledge, our study examined for
the first time the hemodynamic impact, in terms of WSS, using different final POT positions in
complex LM bifurcation disease.

Over the latest years, CFD analyses have been widely used in the field of coronary artery disease
[27]. Moreover, the advent of patient-specific blood flow simulations has allowed to analyse the
local rheological properties of stented regions further clarifying the device healing and other post-
operative complications such as restenosis and thrombosis [8]. Several evidences have
demonstrated that WSS plays a pivotal role in the neointimal formation and thrombosis. As result,
WSS analyses can be translated into clinical practice improving interventional techniques and
developing new stenting strategies [[28], [29], [30]].

The “ideal” POT currently represents a matter of discussion among interventional cardiologists
worldwide. Indeed, the potential clinical impact of different POT positions to date remains
unknown. Doubtless, from a hemodynamic viewpoint, the POT would be preferable over of kissing
balloon inflation since the latter, as demonstrated by previous investigations, expands the stent
asymmetrically resulting in lower and oscillatory WSS, thus increasing endothelial proliferation and
the subsequent risk of in-stent restenosis (ISR) [[31], [32], [33]]. Conversely, the POT can expand

the stent symmetrically in the bifurcation stent segments inducing a more homogenous strain
distribution and a normal-high range of constant WSS at the luminal surface, which implies the
induction of a neoathero-protective state maintaining the endothelial cells quiescent [8,34,35]. In
our analysis, the need of performing a final POT in complex LM bifurcation stenting is
unquestioned. However, our results seem to indicate that a distal POT could give some advantages
in terms of WSS in the stented segments. A lower WSS values were observed in the proximal
coronary artery regions, independently from the site in which the POT was performed. However,
these values always were in the range of 1-7 Pa, which promotes a Neoathero-protective effect in
stented segments [8,34,35].

The prevention of further coronary artery events must be based also on the existing interplay
between WSS and some pro-inflammatory cytokines, such as tumor necrosis factor (TNF) and

interleukin (IL)-1B, which are actively involved in the atherogenic pathways. Indeed, normal-high

10
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WSS values, promotes a lower activation of endothelial cells due to the level of those cytokines
[36,37].

A recent bench study on the mechanical benefits using different POT locations which have been
defined as in our study, reported that the “distal” POT significantly overstretched the MV when
compared to a POT performed just at the carina plan [38]. Unfortunately, this analysis did not
provide any hemodynamic results and, hence, a comparison with our results is impossible.
Moreover, the significant normal-higher WSS values in the LCX represents an interesting finding
since, as well known, the SB ostial restenosis and stent thrombosis remain areas where further
improvements are needed [39].

No significant differences were observed comparing the baseline to the final post-stenting
geometry. It is also true that to accurately assess this parameter, a post-operative imaging technique,
able to reconstruct the coronary geometries should be used. However, as reported by Morlacchi et
al., the post-operative geometry obtained after virtual stent deployment was rarely compared with
the in vivo post-operative images [40]. In this regard, the improved WSS values observed in our
study seems to be due to a more accurate post-dilation than to a distortion of the coronary artery

geometry.

4.1. Study limitations

Our study presents some limitations. Firstly, the retrospective and monocentric design of the study.
Secondly, the small number of patients evaluated. Since the outcome of CFD strictly depends on the
quality of geometrical data, model reconstruction and boundary conditions, our methodology, based
on the patient-specific 3D segmentation, reconstruction, stent implantation and subsequent fluid
dynamic analysis, based on the patient-specific hemodynamic condition, allowing us to provide
realistic models ad results. We excluded from the study those patients having other concomitant
coronary lesions, which are frequently encountered in daily clinical practice since may have altered
the results of CFD analysis. Doubtless, further refinements of the 3D reconstruction techniques for
CFD simulations, using high-definition images from OCT allow to more accurately investigate the
impact of stent design and strut thickness in vivo. Unfortunately, OCT is not available in our
institution. Moreover, the concomitant use of IVUS, as fusion imaging technique with CCTA could
have further improved the lumen reconstruction. However, the accuracy of CT-derived coronary

lumen area in comparison to intravascular ultrasound has been validated in humans [41].

5. Conclusion
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In patients with complex LM bifurcation disease the use of a final POT performed 1 mm distally to
the carina cut plane might results in more favorable WSS patterns (i.e. higher WSS values) along all
stented segments and, especially, along the entire LCX lesions. Our preliminary findings must be
confirmed by further larger analyses performed both in-vitro and in-vivo, and by evaluating also

geometrical and mechanical aspects, such as stent malapposition.
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Table 1. Baseline coronary artery derived measurements. LM: Left main; LAD: Left anterior

descending; LCX: Left circumflex; DS: 3-diemnsional percentage of diameter stenosis.

N=8
LM lesion length, mm 0.85+0.11
LAD lesion length, mm 0.79+0.16
LCX lesion length, mm 0.76+0.13
DS LM (%) 72.1+£11.2
DS LAD (%) 67,3£14.3
DS LCX (%) 70.7£12.8
Carena Angle, ° 72.3+18.6
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Table 2. Mean wall shear stress after final POT according to the site and the technique.

Distal POT Current POT Proximal POT P
N=8 N=8 N=8 ANOVA
Nano Crush
LM
WSSprox (Pa) 6.2+0.2 ° 5.4+0.6 * 3.2+0.4 <0.001
WSSmed (Pa) 6.4+0.7 6.0£0.2 * 3.3+0.4 <0.001
WSSqista (Pa) 6.5+0.2°° 5.8+0.5* 3.5+0.2 <0.001
LM entire_tesion) (Pa) 6.3+0.4 5.7£0.7 * 3.3+0.3 <0.001
LAD WSS
WSSprox (Pa) 6,1+0.6 6.0+0.2 * 4.3+0.6 0.02
WSSmed (Pa) 6.3+£0.5 5.8£0.5 * 3.6+0.4 <0.001
WSSgistar (Pa) 6.0+0.8 5.8+0.2 * 3.4+07 0.03
LADentire_lesion) 6.1+0.6 59+0.3 * 3.7+0.5 <0.001
(Pa)
LCX WSS
WSSprox (Pa) 6.2+0.6 5.9.405* 3.9+0.2 0.001
WSSmed (Pa) 6.1+0.5 5.5+0.9 * 3.8+0.3 0.003
WSSgistal (Pa) 6.1+0.1 # 5.2+0.8 * 3.5+0.3 <0.001
LCX entire_lesion) 6.1+0.2 ## 5.5+0.7 * 3.7+£0.2 0.001
(Pa)
DK crush
LM
WSSprox (Pa) 6.1+0.3° 5.6£0.4 * 3.3+0.6 <0.001
WSSmed (Pa) 6.2+0.5 6.2+0.4 * 3.3+0.8 0.002
WSSqista (Pa) 6.3+0.4 5.9+0.6 * 3.7+0.4 0.003

20


https://doi.org/10.1016/j.carrev.2019.12.015

Accepted manuscript at https://doi.org/10.1016/j.carrev.2019.12.015

LM (entire_lesion) (Pa) 6.2+0.6 59+0.3* 3.4+0.5 0.001
LAD WSS
WSSprox (Pa) 6.0£0.5 6.2+£0.4 * 4.5+0.3 0.001
WSShed (Pa) 6.3£0.6 5.6£0.7 * 3.9+0.2 <0.001
WSSgistar (Pa) 6.2+0.6°° 5.6x0.5* 3.6x0.4 <0.001
LAD (entire_lesion) 6.2+0.6 5.8£0.3* 4.0+0.3 0.003
(Pa)
LCX WSS
WSSprox (Pa) 6.3£0.8 57+0.8 * 3.8£0.4 0.001
WSSmed (Pa) 6.2+0.4 5.9+0.5* 3.6+0.2 0.002
WSSgistar (Pa) 6.1+0.4 # 53x05* 3.5+0.5 <0.001
LCX(entire_lesion) 6.2+0.6 ## 5.6£0.6 * 3.6+0.3 0.001
(Pa)

For the Nano crush: °p=0.003, °°p=0.002, #p=0.007 and ## p=0.03 between distal and current POT;

*p<0.001 between current and proximal POT for all items.

For the DK crush: °p=0.01, p=0.04, #p=0.003 and ##p=0.02 between distal and current POT:

*p<0.001 between current and proximal POT for all items.
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Figure 1. 3D reconstruction of the stent structure using the Nano crush (A) and DK crush (B)

techniques after the virtual implantation.
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C

Figure 2. Schematic representation illustrating the different post optimization technique (POT)
balloon positioning in the left main, defined as proximal, defined as 1 mm before the carina cut plane
(A), current, defined as just at the carina cut plane (B) and distal, defined as 1 mm after the carina cut

plane (C).
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Prox. Med. Distal
| |

LM

Figure 3. Schematic representation of the left main bifurcation partition. Coronary computed
tomography angiography images were used to segment and reconstruct the coronary artery
bifurcation. To create segment-specific wall shear stress (WSS) values each vessel was divided into
three segments defined a s proximal (Prox.), medial (Med.) and distal (Distal) (see the text for the

explanation). LM: Left main; LAD,; left anterior descending.
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Figure 4. Comparison of the mean wall shear stress (WSS) values observed at the carina inside the
bifurcated vessel. Proximal (A), current (B) and distal (C) post optimization technique using the Nano
crush. Proximal (D), current (E) and distal (F) post optimization technique using the DK crush. The
stent has been removed to clearly show the different WSS contours along the vascular segments of

interest.
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