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Structured Abstract 

Background 
Complex coronary bifurcation lesions remain challenging in percutaneous coronary intervention, 
with stent design and deployment strategy influencing clinical outcomes. This study compares 
the mechanical and hemodynamic performance of the ultrathin-strut Orsiro and thin-strut 
Xience Sierra stent in Provisional Side Branch (PSB) and Double Kissing Crush (DKC) techniques. 

Methods 
We used finite element analyses of bifurcation stent deployment to assess malapposition, 
ostium clearance, and arterial wall stress for both techniques. Computational fluid dynamics 
simulations quantified the luminal exposure to low Time-Averaged Endothelial Shear Stress 
(TAESS < 0.4 Pa) and high shear rates (>1000 s⁻¹). 

Results 
In PSB, Orsiro showed higher malapposition (13.0% vs 9.6%) but improved SB ostium clearance 
(77% vs 64%) and lower low-TAESS exposure (30.3% vs 33.6%) compared to Xience. Orsiro also 
produced higher arterial wall stresses, particularly during kissing balloon inflation. In DKC, 
differences in malapposition and ostium clearance diminished between stents, though Orsiro 
retained a hemodynamic advantage with lower low-TAESS (28.2% vs 36.3%). 

Conclusions 
Stent design influenced outcomes more strongly in PSB, where anatomical interaction and 
platform-specific behavior impacted both structural and hemodynamic results. In DKC, 
procedural complexity minimized those differences, making the stenting technique the primary 
performance driver. Nonetheless, Orsiro consistently preserved more favorable flow conditions. 
These findings highlight the need to match device selection with lesion characteristics in PSB, 
while in DKC, optimizing procedural steps may have a greater impact than the choice of stent 
platform. 

Keywords: coronary bifurcation stenting; stent; double kissing crush; provisional side branch; 
finite element analysis; computational fluid dynamics 
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• Novelty. First high-fidelity computational model of double kissing crush deployment, 
allowing a quantitative comparison of stent platforms in a robust, controlled, and 
repeatable setting.  

• Stent Design Matters in PSB. In the PSB technique, Xience Sierra showed better 
strut apposition, ostium circularity, and reduced arterial wall stress, while Orsiro 
demonstrated overall more favorable hemodynamics, associated with reduced 
restenosis risk. 

• Stent Design is Less Impactful in DKC. Under the DKC technique, differences in 
malapposition, arterial stress, and ostium clearance between Orsiro and Xience 
Sierra were modest, suggesting that the technique itself dominated overall 
outcomes. However, Orsiro retained a hemodynamic advantage. 

• Stenting Technique. PBS vs DKC is a more impactful choice than the stenting 
platform. Compared to provisional side branch stenting, the multi-step double 
kissing crush technique increases procedural complexity and leads to higher strut 
malapposition and worse hemodynamics regardless of the stent platform.  

• Procedural Steps: Kissing balloon inflation induces the highest arterial stresses, 
while the proximal optimization technique induces the highest stent stresses. 
Careful execution of these steps is important in minimizing procedural risks. 

 

1. INTRODUCTION 

Orsiro (Biotronik AG, Bulach, Switzerland) and Xience Sierra (Abbott Vascular, Abbott Park, IL, 
USA) stents are widely employed in Percutaneous Coronary Intervention (PCI) due to their 
potential to reduce restenosis rates and improve vessel healing1. Orsiro has an ultrathin-strut 
design with a thickness of 60 µm, while Xience Sierra is classified as thin-strutted, with a strut 
thickness of 81 µm. Clinical trials comparing these stents generally found no significant 
differences in long-term efficacy across a broader patient population2-4. Nevertheless, Orsiro has 
demonstrated favorable outcomes in specific subgroups, such as small vessels, STEMI, and 
lesions at higher restenosis risk, likely due to its thinner struts and improved healing profile5-8. 
Conversely, Xience Sierra, characterized by its stiffer strut design, may be better suited for 
complex or heavily calcified lesions requiring greater mechanical support9-11. Thus, the current 
evidence does not conclusively favor one stent over the other for PCI applications1. 
Stent design is a key factor in PCI outcomes, as it directly affects both the mechanical 
performance of the device and the local hemodynamic (blood flow dynamic) environment12. Key 
design parameters, such as the stent’s strut thickness and connector configuration, influence 
how the stent deforms, interacts with the arterial wall, and modulates blood flow, partly 
independent of the stent deployment. For example, thicker struts and a higher number of 
connectors provide increased radial and longitudinal stiffness13-15. In contrast, thinner struts and 
fewer connectors tend to better preserve physiological blood flow conditions and increase 
flexibility, though often at the expense of reduced radial stiffness13,16. These trade-offs underscore 
the critical need to carefully evaluate stent design characteristics, particularly in bifurcation 
lesions, where mechanical and blood flow-related factors are amplified.  
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In addition to stent design, the long-term clinical performance of a stent is also closely influenced 
by the interventional strategy by which it is deployed17. Different bifurcation stenting techniques 
create distinct local mechanical and hemodynamic outcomes with the same stent device, which 
may amplify or mitigate its design advantages. For instance, on one hand, the Provisional Side 
Branch (PSB) technique, a single-stent approach, is generally preferred for non-complex 
bifurcation lesions18. On the other hand, the Double Kissing Crush (DKC) technique, which 
involves two stents, is recommended in complex bifurcation lesions (as defined by the 
DEFINITION study criteria, including lesion length, calcification, and bifurcation angle19) where 
maintaining optimal side branch patency is critical20. However, while stent design and stenting 
technique have each been evaluated independently, their combined influence has not been 
investigated yet. The interplay between device characteristics and procedural strategy may be 
critical in determining clinical outcomes, particularly in bifurcation lesions, and needs to be 
studied.  
Computational simulations have emerged as a powerful tool for evaluating coronary bifurcation 
stenting17 by enabling quantitative analyses of key parameters that directly affect stenting 
outcome for the first time17. These include malapposition, side branch ostium clearance, arterial 
stress, and key hemodynamic metrics representing the Time-Averaged Endothelial Shear Stress 
(TAESS)21-24. Computational simulations facilitate robust and reproducible comparisons of stent 
platforms and deployment techniques, which is not possible on the bench, with limited insights, 
or clinically, with a lack of control and reproducibility. Whilst both Orsiro and Xience Sierra have 
independently been studied using numerical simulations21 and bench testing25, different 
procedural settings prevent a comparative evaluation of these works and thus the stents’ 
performance. Moreover, while the leading structural mechanics Finite Element Analysis (FEA) 
method has been used to computationally study stenting techniques, including PSB23,26-33, 
TAP27,28, and culotte26-28,34,35, it has never been applied to the DKC technique. As a result, the 
biomechanical behavior of DKC remains poorly understood, and no study to date has combined 
mechanical and blood flow hemodynamic simulations to assess its performance in a unified 
framework. Addressing this gap is essential to understanding how leading stent designs and 
common procedural implant strategies interact in complex bifurcation lesion interventions. 
This study employs structural mechanics FEA and Computational Fluid Dynamics (CFD) to 
compare the ultrathin-strut Orsiro and thin-strut Xience Sierra stents, both in PSB and DKC 
settings. This work represents the first biomechanical model of the DKC procedure and the first 
direct computational comparison between these two contemporary stents across both stenting 
strategies. Ultimately, this analysis aims to provide new insights to delineate stent design and 
implant procedure interplay to ultimately improve PCI success rates.  

2. METHODS 

2.1. Stent Deployment  

A population-representative coronary bifurcation model was developed with dimensions derived 
from a Coronary Computed Tomography Angiography (CCTA) atlas36 consistent with Finet’s law 
to respect the fractal nature of a coronary bifurcation. The branch diameters are as follows: Main 
Vessel (MV) 3.25 mm, Distal Vessel (DV) 2.5 mm, and Side Branch (SB) 2.25 mm. Arterial wall 
thickness and bifurcation angle were 0.89 mm and 70°, respectively33,36. 
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Stent geometries were digitally reconstructed using a MATLAB-based builder from micro-CT 
images of the ultrathin-strut Orsiro stent, characterized by a helical pattern, and the thin-strut 
Xience Sierra stent, a ring-based design37-39 (Figure 1). Stent sizes were selected from 
commercially available options suitable for the target vessel. Specifically, for the Orsiro stents, 
dimensions were 2.5 mm and 13 mm for the MV, and 2.25 mm and 9 mm for the SB. For the Xience 
Sierra stents, diameters and lengths were 2.5 mm and 12 mm for the MV, and 2.25 mm and 8 mm 
for the SB.  
Stent deployment was simulated using FEA with Abaqus Explicit (Dassault Systèmes, 
Providence, USA). Stent crimping was simulated to replicate the pre-stress state of the device 
before deployment. Subsequently, established clinical deployment procedures were followed to 
replicate both stenting techniques accurately40. The procedural steps are summarized in Figure 
2, where differences between the simpler PSB approach and the multi-step DKC technique are 
illustrated. Key balloon expansions and rewiring phases are highlighted, clarifying the steps 
modeled and the positioning of each balloon relative to the bifurcation anatomy and previously 
placed stents. In PSB, side branch rewiring was performed distally through the stent cell closest 
to the carina, while in DKC, both balloons were rewired proximally through the most accessible 
cell. Rewiring positioning was achieved in HyperMesh (Altair Engineering, Troy, MI, USA). Proximal 
Optimization Technique (POT) and Kissing Balloon Inflation (KBI) were applied in both techniques 
to optimize strut apposition and restore the fractal geometry. More information about the 
simulation set-up can be found in Supporting Information 1. 
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Figure 1 – Geometries of the Orsiro and Xience Sierra stents used in the simulations. Orsiro (top) 
presents a helical structure with ultrathin struts (60 µm), while Xience Sierra (bottom) features a ring-
based design with thin struts (81 µm). The commercially available stent lengths differ for the target 
vessel, with Orsiro measuring 13 mm and 9 mm, and Xience Sierra measuring 12 mm and 8 mm for MV 
and SB stent, respectively. MV: Main Vessel; SB: Side Branch. 
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Figure 2 – Procedural steps of provisional side branch (A) and double kissing crush (B) stenting 
techniques implemented using structural mechanics finite element simulations. Each panel illustrates 
a key deployment stage, including balloon sizing and positioning for stent expansion, rewiring steps, 
POT, KBI, and final stent configurations for both techniques (left to right). DV: Distal Vessel; KBI: Kissing 
Balloon Inflation; MV: Main Vessel; POT: Proximal Optimization Technique; SB: Side Branch. 
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2.2. Blood Flow Simulation 

Pulsatile hemodynamic analysis was performed using ANSYS CFX software (ANSYS, Inc., 
Canonsburg, PA, USA) on the final geometrical configuration after the deployment simulation. 
The blood was modeled as an incompressible fluid with non-Newtonian viscosity41,42. A pulsatile 
velocity profile, indicative of physiological coronary blood flow, was applied at the MV inlet16. The 
SB outlet had a zero-pressure boundary condition43, while the DV outlet was assigned a 
predefined outflow rate based on physiological flow splitting44. A mesh and time sensitivity 
analysis was performed to ensure the reliability of results within a 2% error. For each case, four 
cardiac cycles were simulated and results extracted from the last cycle only to minimize transient 
start-up effects (Supporting Information 1). 

2.3. Stent Performance Evaluation  

Stenting performance was assessed using mechanical (FEA-derived) and hemodynamic (CFD-
derived) indicators. Mechanical performance was evaluated using malapposition, SB ostium 
clearance, arterial wall stress, and peak stent stress. Malapposition was defined as the 
percentage of stent struts located at a distance greater than the strut thickness from the vessel 
wall over the total strut area. SB ostium clearance was evaluated to measure how well the SB 
ostium remained unobstructed after stenting, and it was computed as the ratio between the 
largest open cell area and the total SB ostium area. Arterial wall stress, representing the 
mechanical stretch within the artery, was calculated by averaging the maximum principal stress 
values of mesh elements exceeding 10 kPa at the bifurcation region. This threshold was selected 
in the absence of consensus values in the literature, to exclude regions experiencing negligible 
stress unlikely to influence tissue response, while still capturing physiologically relevant 
mechanical loading. In addition, the total volume of arterial tissue experiencing stress above this 
threshold was quantified to assess the spatial extent of elevated stress. Peak stent stress was 
separately evaluated to identify potential regions of mechanical failure. Hemodynamic 
performance was evaluated by calculating TAESS, which represents the mean cardiac-cycle 
magnitude of shear forces acting on the endothelium lining the lumen throughout the cardiac 
cycle. In addition, shear rates above 1000 s⁻¹ were evaluated due to their association with 
increased thrombogenic risk45. A shear rate burden index was calculated as the product of the 
blood volume exposed to shear rates > 1000 s⁻¹ and the average shear rate within that volume.  
More details on the metrics analyzed and their clinical significance can be found in Table 1.  

Table 1 - Summary of key mechanical and hemodynamic performance metrics evaluated in this study, 
along with desired ranges or patterns and associated clinical relevance. These indicators support the 
interpretation of stent behavior and potential implications for restenosis, thrombosis, and vessel healing. 
SB: Side Branch; TAESS: Time-Averaged Endothelial Shear Stress. 

Metric Desired Range Clinical Significance 

Malapposition To be minimized Associated with thrombus formation and 
delayed endothelial healing, potentially 
increasing restenosis risk46. 

SB ostium clearance To be maximized Linked clinically to late stent thrombosis25,47. 
Arterial wall stress To be minimized High arterial stress can induce endothelial 

remodeling and promote restenosis48.  
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Excessive stress may also approach the arterial 
wall’s tensile stress limit, increasing the risk of 
tissue damage or fracture49 (Figure 5B). 

Peak stent stress To be minimized High stent stresses indicate the risk of 
mechanical failure, potentially inducing local 
inflammation and localized arterial damage 
that can cause in-stent restenosis25,50. 

TAESS 0.4 – 20 Pa  Low TAESS promotes inflammation and 
hyperplasia51; high TAESS may impair healing52. 

Shear rate < 1000 s-1 High shear rates might promote platelet 
activation and aggregation, particularly in the 
presence of malapposed struts, and might 
contribute to thrombosis45. 

3. RESULTS  

3.1. Mechanical Performance 

Overall, while both techniques revealed performance distinctions between stents, these were 
more marked in PSB, particularly in SB ostium clearance and arterial stress, whereas DKC 
tended to minimize differences between platforms. 

3.1.1 Strut Malapposition 

Strut malapposition mostly happened close to the proximal and distal edge of the ostium (Figure 
3). MV malapposition was higher for Orsiro than for Xience Sierra in both techniques (PSB: 13.0% 
vs 9.6%; DKC: 19.1% vs 15.5%). SB malapposition, present only in DKC, was also higher for Orsiro 
than Xience Sierra (10.3% vs 7.1%) (Figure 3).  

3.1.2 SB Ostium Clearance 

SB ostium clearance was higher for Orsiro than for Xience Sierra in PSB (77% vs 64%), whereas in 
DKC both stents exhibited the same clearance (52%) (Figure 4). Orsiro caused greater ovalization 
of the SB ostium in both techniques (Ostium ellipticity – PSB: 13.4% vs 2.5%; DKC: 14.1% vs 
1.2%). 

3.1.3 Arterial Wall Stress 

Both average and peak arterial stress at the end of the procedure were greater for Orsiro 
compared to Xience Sierra in both techniques (Average stress - PSB: 22.8 kPa vs 20.0 kPa; DKC: 
35.0 kPa vs 33.3 kPa) (Peak stress - PSB: 181.0 kPa vs 152.4 kPa; DKC: 562.9 kPa vs 533.0 kPa) 
(Percentage volume of arterial tissue with stress > 10 kPa – PSB: 8.4% vs 9.6%; DKC: 16.2% vs 
16.0%) (Figure 5). The highest average arterial stresses were reached during KBI (Supporting 
Information 2).  

3.1.4 Peak Stent Stress 

Peak MV stent stress occurred at the end of the second POT in both techniques (Figure 6). In PSB, 
Orsiro exhibited higher peak stress than Xience Sierra (875 MPa vs 789 MPa), corresponding to 
6% and 15% below the rupture threshold of the stent material (933 MPa). In DKC, MV stent stress 
was similar between platforms (Orsiro vs Xience Sierra: 871 MPa vs 884 MPa), within 7% and 5% 

Pre-print

https://onlinelibrary.wiley.com/doi/10.1002/ccd.70329



10 
 

of the rupture threshold, respectively. For the SB stent in DKC, peak stress occurred at the end of 
the crush step and was lower overall, with Orsiro at 712 MPa (24% below threshold) and Xience 
Sierra at 806 MPa (14% below threshold).  

Figure 3 – Comparison of stent malapposition in PSB (top) and DKC (bottom) techniques for Orsiro (left) 
and Xience Sierra (right). Malapposed struts (red) indicate regions where stent struts are not in direct 
contact with the arterial wall. Percentages indicate malapposition rates for each stent and branch 
location. Ultrathin-strut Orsiro exhibits overall a higher malapposition than thin-strut Xience Sierra, 
particularly in PSB. Both stents show increased malapposition in DKC, reflecting greater procedural 
complexity and the formation of a metallic neocarina. DKC: Double Kissing Crush; MV: Main Vessel; PSB: 
Provisional Side Branch; SB: Side Branch. 
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Figure 4 – Comparison of SB ostium clearance between Orsiro (left) and Xience Sierra (right) stents 
deployed using PSB (top) and DKC (bottom) techniques. Cross-sectional views illustrate the largest cell 
area (highlighted in yellow) free of stent struts at the SB ostium, indicating regions of decreased 
disturbed flow. Percentage values represent the proportion of ostial opening free from metallic coverage 
with respect to the total ostium area. Both stents show similar ostium clearance in DKC due to the 
formation of the metallic neocarina, reducing ostial accessibility. Orsiro ovalized the ostium more 
compared to Xience Sierra. DKC: Double Kissing Crush; PSB: Provisional Side Branch; SB: Side Branch. 

 

Pre-print

https://onlinelibrary.wiley.com/doi/10.1002/ccd.70329



12 
 

Figure 5 – (A) Comparison of arterial wall stress (maximum principal stress) between Orsiro and Xience 
Sierra stents in PSB and DKC techniques. Views illustrate stress distribution at the bifurcation, with all 
peak stress regions concentrated at the ostium opposite the carina. For each scenario, the maximum 
stress value and the percentage volume of arterial wall exposed to more than 10 kPa (shadings of red) 
are reported. Orsiro induces higher maximum arterial stress compared to Xience Sierra at about 30 kPa, 
consistent across techniques. Maximum stress values increased more than 3-fold for both stents in DKC 
compared to PSB, while the affected vessel volume size approximately doubled. (B) Gaussian curve 
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illustrating how tensile stress thresholds for human coronary damage vary across the population 
(median 1440 kPa, standard deviation 870 kPa49). Vertical dashed lines mark stresses from Orsiro and 
Xience Sierra stents; differences between platforms are small. Stenting technique drives the risk: PSB 
might damage coronaries in about 7% of patients, compared with about 16% for DKC. DKC: Double 
Kissing Crush; PSB: Provisional Side Branch. 

 

 

Figure 6 – Comparison of peak MV stent stress distribution for Orsiro and Xience Sierra under PSB and 
DKC. Stress distributions are shown at the end of the second POT, when the maximum MV stent stress 
occurs. In PSB, peak stress reached 875 MPa for Orsiro and 789 MPa for Xience Sierra. In DKC, values were 
comparable: 871 MPa for Orsiro and 884 MPa for Xience Sierra. The stress map is scaled between 750 MPa 
and the material rupture threshold (933 MPa) to highlight high-stress regions. DKC: Double Kissing Crush; 
MV: Main Vessel; POT: Proximal Optimization Technique; PSB: Provisional Side Branch. 
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3.2. Hemodynamic Performance 

The normalized percentage of luminal area exposed to TAESS below 0.4 Pa was lower for Orsiro 
compared to Xience Sierra in both techniques, with a minimal 3% and 8% difference for PSB and 
DKC at a 2% expected numerical error (PSB: 30.3 vs 33.6%; DKC: 28.2 vs 36.3%) (Figure 7). Across 
all scenarios, the maximum ESS reached 8 Pa, remaining within the physiological range. Shear 
rate burden indexes were 30% lower for Orsiro in PSB but 17% higher in DKC compared to Xience 
Sierra (PSB: 79.4 mm3s-1 vs 113.5 mm3s-1; 149.7 mm3s-1 vs 128.2 mm3s-1). 

4. DISCUSSION 

This study represents the first detailed mechanical and hemodynamic comparison of the widely 
used Orsiro and Xience Sierra stents for both the PSB and DKC bifurcation stenting techniques, 
incorporating clinically relevant metrics. By leveraging computational modeling, we were able to 
quantify key biomechanical parameters, providing new insights into the stent performance. This 

Figure 7  – Hemodynamic comparison between Orsiro (left) and Xience Sierra (right) stents after virtual 
deployment using PSB (top) and DKC (bottom) techniques. Red indicates the distribution of adversely 
low TAESS (< 0.4 Pa) over the arterial wall. For each scenario, the percentage areas of arterial lumen 
exposed to adversely low TAESS are reported. Orsiro consistently demonstrates smaller low-shear-
stress areas compared to Xience Sierra, indicating better hemodynamic performance, especially in DKC. 
DKC: Double Kissing Crush; PSB: Provisional Side Branch; TAESS: Time-Averaged Endothelial Shear 
Stress. 
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work presents the first comprehensive biomechanical model evaluating DKC. This novel 
comparative approach offers crucial insights into how stent design influences performance in 
complex bifurcation interventions. It also contributes to the development of a biomechanical 
model that supports ongoing research into this treatment strategy.  

4.1. Effect of Stent Platform and Implant Technique  

Malapposition was consistently higher with Orsiro compared to Xience Sierra, particularly in the 
PSB technique. This difference stems from Orsiro’s thinner struts and higher radial recoil, which 
limit its ability to fully conform to the vessel wall. In contrast, Xience Sierra’s thicker struts and 
ring-based design reduce recoil and offer greater radial support, promoting more stable 
scaffolding. Malapposition also reflects the inability of the stent to accommodate irregular or 
rigid arterial geometries, such as heavily calcified or fibrotic lesions. The observed malapposition 
rates in PSB align closely with previously reported results (3-10%)23. Slightly higher values in our 
study were expected since we tested stents with fewer connectors, which increases flexibility but 
can compromise wall apposition. In the DKC technique compared to PBS, malapposition 
increased for both stent platforms due to the presence of a second stent and additional 
procedural challenges, yet Xience Sierra maintained superior wall apposition overall. We can 
infer that the improved scaffolding and reduced recoil of Xience Sierra might prove beneficial in 
lesions where mechanical resistance is elevated, such as those with calcium or fibrotic plaque, 
where poor wall apposition could impair scaffolding and increase procedural risk. 
SB ostium clearance was higher in PSB, with Orsiro showing slightly better performance due to 
its thinner and flexible design. These results are consistent with previous studies reporting SB 
ostium clearance values of 70–90%21,32,53. However, this advantage was accompanied by a more 
ovalized ostium shape, with Orsiro showing an ostium ellipticity five times higher than Xience 
Sierra (13.4% vs 2.5%). A less circular ostium is mechanically suboptimal, as it can lead to 
uneven force distribution and reduced scaffold support; in addition, it predisposes the region to 
disturbed flow patterns. In DKC, SB ostium clearance was comparable between the two stents, 
due to the formation of a metallic neocarina. SB ostium clearance values observed in DKC 
matched closely with findings reported by previous studies (40–52%)22. Similarly, ostial 
ovalization was more pronounced with Orsiro, showing an ostium ellipticity twelve times higher 
than Xience Sierra (14.1% vs 1.2%). However, it should be noted that SB ostium clearance is 
influenced by the landing positioning of the stent, both longitudinally and rotationally, as the 
alignment of the stent cell relative to the ostium determines the extent of coverage. In clinical 
practice, this positioning cannot be precisely controlled, and in the present simulations, stent 
positioning was not predetermined but resulted naturally from the deployment process. This 
challenge is particularly relevant for Orsiro, which has lower radiopacity due to its thinner struts, 
making precise positioning under fluoroscopy more difficult54.  
Arterial wall stress peaked during KBI, occurring at the ostium opposite the carina, where Orsiro 
induced higher stress levels. Notably, at the end of the PSB procedure, arterial wall stress 
remained elevated for Orsiro compared to Xience Sierra. This is likely due to Orsiro’s helical 
structure, which interacts differently with the balloons and bifurcation, and higher ovalization of 
the ostium, altering the distribution of stress across the arterial wall. Although thinner struts are 
generally expected to reduce arterial wall stress55,56, Orsiro's specific helical configuration 
appeared to elevate arterial wall stress overall. While a precise threshold for adverse arterial 
stress limit has not been established to date, elevated arterial wall stress has been implicated in 
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intimal hyperplasia and delayed healing48. In this context, the comparative differences in arterial 
wall stress suggest a greater potential for adverse remodeling for Orsiro, especially in DKC. 
However, simulated arterial stresses remained well below the mean stress limit before rupture 
reported after tensile tests of 14 ex vivo human coronary arteries (mean failure stress 1440 kPa) 
(Figure 5B)49. Still, our simulations suggest that approximately 7% of patients undergoing PSB, 
and 16% undergoing DKC could experience tissue injury. Nonetheless, both techniques appear 
safe for the majority of patients, as the resulting stresses remain below the damage threshold for 
most of the population. The main determinant of tissue injury risk was the stenting technique, not 
the stent platform, since differences in the maximum arterial stress between Orsiro and Xience 
Sierra were smaller. 
Stent stresses in the MV were high for both platforms, with Orsiro generally exhibiting slightly 
greater peak values. In all cases, peak stress occurred at the ostium during the second POT, 
reaching values within 5-7% of the material’s rupture threshold. While no fracture was observed 
in the simulation, this narrow margin indicates that the stent is already operating near its 
mechanical limit. If overexpansion is applied during POT to reduce malapposition, it may exceed 
this limit, increasing the risk of strut fracture. Although the crush step is often considered 
mechanically demanding, our findings show that POT imposes greater stress on the stent. Since 
POT is routinely performed to address MV-to-DV diameter mismatch, the mechanical burden it 
introduces cannot be avoided and must be carefully managed. These results highlight the 
importance of selecting a stent that is appropriately sized for the target vessel and emphasize the 
need for precise procedural planning to minimize mechanical risk. Overall, Xience Sierra design 
resulted in improved wall apposition and lower arterial stresses, and better circularity of the SB 
ostium, making it a suitable choice when mechanical performance is a priority, such as in 
scenarios requiring high radial strength and scaffolding properties. This aligns with clinical 
studies reporting Xience Sierra’s superior performance in challenging anatomical conditions 
involving heavily calcified lesions or significant vessel diameter mismatches10,57. However, the 
differences between the two stent platforms drastically reduced in the DKC setting.  
The overall hemodynamic performance of the Orsiro stent was more favorable, due to its thinner 
struts and helical configuration, which promoted smoother flow compared to the slightly thicker-
strutted, ring-based design of Xience Sierra. This advantage was maintained in both PSB and DKC 
despite Orsiro’s longer length. Specifically, Orsiro significantly reduced the luminal areas 
exposed to adversely low TAESS (< 0.4 Pa) by generating higher overall mean TAESS in the stented 
region. This is linked to reduced inflammation and neointimal hyperplasia risk51,52. This 
improvement is consistent even before adjusting for Orsiro’s slightly longer stent length (13 mm 
vs 12 mm for Xience) (Supporting Information 2).  Orsiro’s design may therefore mitigate 
restenosis risk in patients with predisposition, such as those with diabetes, long lesions, or small 
vessels, in alignment with clinical reports5-8,55. In contrast, high shear rates, which are associated 
with platelet activation and thrombosis45, showed a more technique-dependent pattern. In PSB, 
Orsiro exhibited a lower thrombogenic shear burden than Xience Sierra, consistent with its better 
ostial scaffolding and despite slightly greater malapposition. In DKC, however, Orsiro showed 
higher shear rate burden, likely due to its increased malapposition and reduced SB ostium 
clearance. These results suggest that Orsiro may reduce both restenotic and thrombotic risk in 
single-stent procedures, but its advantage is diminished in two-stent configurations, where 
mechanical factors such as malapposition play a more dominant role.  
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4.2. Implications for Clinical Practice 

The choice of stenting technique significantly affects procedural outcomes in PCI and should be 
prioritized over stent platform selection. The PSB technique led to better outcomes compared to 
DKC across all metrics, including lower arterial and stent stresses, malapposition, and better SB 
ostium clearance. PSB revealed performance differences between stent platforms, making 
device selection more influential compared to DKC. Xience Sierra’s reduced radial recoil and 
improved strut apposition may be advantageous in cases with calcification, wide bifurcation 
angles (prevalent in males36,58), or large bifurcation diameter mismatch. Orsiro, by contrast, 
demonstrated better hemodynamic performance, potentially reducing adverse flow patterns, 
especially relevant for patients with long lesions, small vessels (prevalent in females36,58), or 
diabetes. These findings highlight that in PSB, lesion-specific stent selection plays a critical role 
in optimizing outcomes. 
The DKC technique imposed a greater mechanical burden due to its procedural complexity and 
the use of two overlapping stents compared to PBS. This led to worse overall outcomes for both 
platforms, such as higher arterial and stent stresses, greater malapposition, and reduced ostial 
clearance. In fact, the DKC strategy mitigated the mechanical performance differences between 
stents. Still, Orsiro retained a hemodynamic advantage, which may make it the preferred option 
for DKC. This possibility is currently being investigated in an ongoing clinical trial comparing these 
stents in true bifurcation lesions treated with DKC (NCT05200637). 
Overall, neither stent is superior across all performance metrics, reinforcing findings from clinical 
trials that report no definitive stent preference in general patient populations2-4. Instead, our 
results support a tailored approach: in PSB, device choice should align with lesion 
characteristics; in DKC, Orsiro’s hemodynamic benefits may be advantageous, although the 
technique itself remains the dominant determinant of outcome. This underscores the need to 
consider both anatomy and procedural strategy when selecting a stent, since they mutually 
influence each other. 
Finally, optimizing critical procedural steps, particularly POT and KBI, is essential to minimize 
arterial and stent stresses and reduce the incidence of malapposition. Our findings highlight that 
suboptimal performance in these steps can worsen the clinical outcome. In fact, correct 
execution of KBI minimizes arterial stress, while properly conducted POT addresses MV-to-DV 
diameter mismatches and mitigates risks associated with stent overexpansion. 

4.3. Limitations  

This combined FEA and CFD study employed necessary simplifying assumptions, including the 
exclusion of plaque and the use of generalized vessel geometry. However, these choices reflect 
common practice in biomechanical analyses, driven by the uncertainty of true plaque 
component material properties, and large variability of plaque heterogeneity17. Such 
standardization enhances robustness and enables direct comparison across stent designs and 
techniques. Moreover, to achieve greater representation of a population, the present generalized 
bifurcation anatomy is preferable. The stent models, derived from µCT imaging, are geometrically 
simplified, which may influence local stress-strain predictions and mechanical outcomes such 
as radial stiffness or recoil. Due to a lack of published data on the specific alloys used in these 
clinical stents, the device material behavior was modeled using available literature data for alloys 
of similar composition. While this may not fully capture the processed mechanical response of 
the deployed devices, the approach ensures consistency across simulations.  Future studies 
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should examine the impact of variations in stent positioning and orientation to evaluate the 
translational relevance of numerical approaches further. Integrating plaque characteristics and 
patient-specific vessel geometries may also generate additional, nuanced population group-
specific insights and would be a significant computational undertaking.  

5. CONCLUSION 

This study is the first to comprehensively evaluate the mechanical and hemodynamic 
performances of Orsiro and Xience Sierra stents for both PSB and DKC techniques. In PSB, the 
influence of stent platforms on key performance metrics is evident, whereby Xience Sierra’s 
reduced radial recoil and improved strut apposition may benefit cases with calcification, wide 
bifurcation angles, or large diameter mismatch. Orsiro’s favorable hemodynamics, by contrast, 
may be more appropriate for patients with small vessels, long lesions, or elevated risk of 
restenosis. On the other hand, under the more complex DKC technique, performance differences 
between stents became less pronounced, as the procedural burden tended to reduce structural 
outcomes. However, Orsiro retained a hemodynamic advantage, possibly making it preferable for 
DKC. These findings support a tailored approach to stent choice: device selection plays a larger 
role in PSB, while outcomes in DKC are driven more by the technique itself. 
Finally, the findings emphasize the critical role of procedural technique, showcasing that a 
precise execution of steps such as KBI and POT is essential for minimizing arterial and stent 
stresses. Notably, POT emerged as more influential than the crush step in determining stent 
integrity, due to its impact on overexpansion and MV-to-DV diameter mismatch. These insights 
underscore the need for careful technique selection and meticulous execution to fully leverage 
each stent’s unique design advantages. 
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Supporting Information 1 

For the finite element model, stent deployment was simulated using FEA with Abaqus Explicit 

(Dassault Systèmes, Providence, USA). The arterial wall was divided into three layers, namely 

intima, media, and adventitia, each modeled as isotropic hyperelastic materials using a sixth-

order reduced polynomial formulation with a density of 1120 kg/m3 1. The arterial wall was 

meshed using C3D8R hexahedral elements. The stent material was a cobalt-chromium alloy, 

which was modeled with isotropic elastic-plastic behavior with a density of 8000 kg/m3, also 

meshed with C3D8R elements2. Non-compliant balloons were modelled upon the geometry of 

the Accuforce catheter (Terumo, Japan) as membrane structures using M3D4R elements, with a 

density of 1000 kg/m3 and Poisson’s ratio of 0.45. The Young’s modulus of each balloon was 

calibrated against manufacturer-provided pressure-diameter curves to replicate inflation 

behavior. The complete material property parameters used in the model are summarized in Table 

S1. Boundary conditions included fixing the vessel ends to constrain arterial movement and 

applying incremental pressure loading to simulate realistic balloon expansion for both the PSB 

and DKC techniques. Crimping onto a delivery balloon was simulated prior to deployment to 

replicate the mechanical preconditioning of the stent.  Balloon rewiring positioning was achieved 

using the HyperMorph tool in HyperMesh (Altair Engineering, Troy, MI, USA).  All simulations were 

conducted under quasi-static conditions using mass scaling, and the kinetic energy-to-internal 

energy ratio was monitored to remain below 5%, ensuring valid quasi-static assumptions.  

Table S2 – Material coefficients used in the finite element simulations for arterial layers, stent, and 

balloons1. 

 
Density 

[kg/m3] 

C10 

[MPa] 

C20  

[MPa] 

C30 

[MPa] 

C40  

[MPa] 

C50  

[MPa] 

C60 

[MPa] 

Intima 1120 6.79E-03 5.40E-01 -1.11 10.65 -7.27 1.63 

Media 1120 6.52E-03 4.89E-02 9.26E-03 0.76 -0.43 8.69E-02 

Adventitia 1120 8.27E-03 1.20E-02 5.20E-01 -5.63 21.44 0.00 

        

 
Density 

[kg/m3] 

E  

[MPa] 

Poisson’s 

coefficient 

[-] 

Yield 

stress 

[MPa] 

Ultimate 

stress 

[MPa] 

Ultimate 

deformation  

[-] 

 

Stent 8000 233E+03 0.35 414 933 45%  

Balloon 1000 
Variable 

(250-850) 
0.45 - - -  
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For the computational fluid dynamics model, transient hemodynamic analysis was performed on 

the final geometrical configuration from the FEA simulation using CFD with ANSYS CFX software 

(ANSYS, Inc., Canonsburg, PA, USA). The model included extensions at the inlet and outlets to 

ensure fully developed flow conditions3. After a sensitivity analysis, the fluid domain was meshed 

with tetrahedral elements, using smaller elements around the stented region (0.014 mm) to 

accurately capture local flow dynamics influenced by complex stent geometries (Figure 1).  

 
Figure 8 – Computational fluid dynamics simulation setup for hemodynamic analysis of the coronary 
bifurcation model. Tetrahedral elements were used, with smaller elements concentrated in the stented 
bifurcation region to accurately capture complex geometries, including overlapping stent structures 
(magnified view at the bottom). Boundary conditions applied were a pulsatile velocity inlet representing 
physiological coronary flow, a flow-split outlet at the DV, and a zero-pressure condition imposed at the 
SB outlet. DV: Distal Vessel; SB: Side Branch. 

 

The blood was modeled as an incompressible fluid with non-Newtonian viscosity using the 

Carreau-Yasuda model3,4. A parabolic pulsatile blood flow profile was applied at the MV inlet 

using an allometric scaling law to scale a standard velocity waveform5, with flow rate calculated 

as follows6: 

𝑄𝐿𝑀 = 1.43𝑑𝐿𝑀
2.55 
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where 𝑄𝐿𝑀  is the cycle-averaged flow rate, and 𝑑𝐿𝑀 is the mean diameter of MV. A flow-split 

outflow strategy was applied to determine the flow rate at each outlet6: 

 𝑞𝐿𝐴𝐷

𝑞𝐿𝐶𝑥
= (

𝑑𝐿𝐴𝐷

𝑑𝐿𝐶𝑥
)
2.27

                                                                           

where 𝑞𝐿𝐴𝐷 and 𝑞𝐿𝐶𝑥 are the flow rate, and 𝑑𝐿𝐴𝐷 and 𝑑𝐿𝐶𝑥 are the mean diameters of DV and SB, 

respectively. Flow was split as 54.7% through DV and 45.3% through SB. The calculated flow rate 

was prescribed at the DV outlet, while a zero-pressure boundary condition was applied at the SB 

outlet to avoid over-constraint of the simulation model. The artery wall was assumed to be rigid 

with a standard no-slip condition applied7. For each model, a steady-state solution was used as 

the initiation condition for the transient simulation of four cardiac cycles. The results from the 

fourth cycle were used for analysis to minimize the transient start-up effects. TAESS was 

computed as follows: 

𝑇𝐴𝐸𝑆𝑆 =  
1

𝑇
∫ |𝒏 . 𝛕⃗ ⃗ 𝒊𝒋| 𝑑𝑡

𝑇

0

 

where T is the cardiac cycle duration and 𝛕⃗ ⃗ 𝒊𝒋 is the instantaneous wall shear stress vector. Shear 
rates were also evaluated to estimate thrombogenic risk, as values exceeding 1000 s⁻¹ are known 
to promote platelet activation8. A shear rate burden index was defined as the product of (1) the 
blood volume where the instantaneous shear strain rate exceeded 1000 s⁻¹ (extension), and (2) 
the average shear strain rate within that volume (intensity), capturing both the spatial and 
hemodynamic severity of pro-thrombotic regions. 

𝑆ℎ𝑒𝑎𝑟 𝑅𝑎𝑡𝑒 𝐵𝑢𝑟𝑑𝑒𝑛 𝐼𝑛𝑑𝑒𝑥 =  𝑉𝑜𝑙𝑢𝑚𝑒>1000 𝑠−1 ∗ 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑆ℎ𝑒𝑎𝑟 𝑅𝑎𝑡𝑒>1000 𝑠−1  
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Supporting Information 2 – Mechanical and hemodynamic results for Orsiro and Xience Sierra 

after provisional side branch and double kissing crush stenting. KBI: Kissing Balloon Inflation; MV: 

Main Vessel; OSI: Oscillatory Shear Index; SB: Side Branch; TAESS: Time-Averaged Wall Shear 

Stress. 

 Provisional Side Branch (PSB) Double Kissing Crush (DKC) 

Stent 

Deployment  
Orsiro 

Xience 

Sierra 

Difference 

(%) 
Orsiro 

Xience 

Sierra 

Difference 

(%) 

MV 

malapposition 

(%) 

13.0 9.6 3.4 19.1 15.5 3.6 

SB 

malapposition 

(%) 

- - - 10.3 7.1 3.1 

SB ostium 

clearance (%) 
76.9 64.1 12.8 52.2 51.7 0.5 

Max artery stress 

@ end 

[kPa] 

181.0 152.4 18.8 562.9 533.0 5.6 

Average artery 

stress @ end 

[kPa] 

22.8 20.0 13.9 35.0 33.3 5.0 

% volume with 

stress > 10 kPa 

@ end 

8.4 9.6 1.2 16.2 16.0 0.2 

Average artery 

stress @ 2nd KBI 

[kPa] 

26.6 24.3 9.6 42.8 36.3 17.9 

Max MV stent 

stress @ 2nd POT 

[MPa] 

875 789 10.9 871 884 -1.5 

Max SB stent 

stress @ crush 

[MPa] 

- - - 712 806 -11.7 
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 Provisional Side Branch (PSB) Double Kissing Crush (DKC) 

Blood Flow Orsiro 
Xience 

Sierra 

Difference 

(%) 
Orsiro 

Xience 

Sierra 

Difference 

(%) 

TAESS 

[Pa] 
0.52 0.48 7.5 0.54 0.47 13.6 

% area with TAESS 

< 0.4 Pa 
30.3 33.6 -3.3 28.2 36.3 -8.1 

Area with TAESS < 

0.4 Pa 

[mm2] 

36.0 39.1 -7.8 49.0 58.3 -15.9 

Volume with shear 

rate > 1000 s-1 

[mm3] 

0.056 0.075 -25.7 0.096 0.084 14.9 

Average shear rate 

> 1000 s-1 

[s-1] 

1424 1513 -5.9 1551 1527 1.6 

Shear rate burden 

index 

[mm3 s-1] 

79.4 113.5 -30.1 149.7 128.2 16.7 

OSI 

[-] 
0.018 0.019 -2.2 0.016 0.019 -16.6 
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