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Despite being commonly employed to treat peripheral artery disease, self-expanding Nitinol stents are still
associated with relatively high incidence of failure in the mid- and long-term due to in-stent restenosis or fatigue
fracture. The practice of stent oversizing is necessary to obtain suitable lumen gain and apposition to the vessel
wall, though it is regarded as a potential cause of negative clinical outcomes when mis-sizing occurs. The
objective of this study was to develop a computational model to provide a better understanding of the structural
effects of stent sizing in a patient-specific scenario, considering oversizing ratio OS, defined as the stent nominal
diameter to the average vessel diameter, between 1.0 and 1.8. It was found that OS < 1.2 resulted in problematic
short-term outcomes, with poor lumen gain and significant strut malapposition. Oversizing ratios that were in the
range 1.2 < OS < 1.4 provided the optimum biomechanical performance following implantation, with improved
lumen gain, reduced incomplete stent apposition and favourable predicted long-term fatigue performance.
Excessive oversizing, OS > 1.4, did not provide any further benefit in outcomes, showing limited increases in
lumen gain and unfavourable long-term performance, with higher mean strain values predicted from the fatigue
analysis. Therefore, our findings predict that the optimal oversizing ratio for self-expanding Nitinol stents is in
the range of 1.2 < OS < 1.4, which is similar to clinical observations, with this study providing detailed insight
into the biomechanical basis for this.

dimension (Saguner et al., 2012), the basis for this recommendation is
not well understood and, in many cases, clinicians rely on their own
know-how to select the suitable stent size. However, excessive oversiz-

1. Introduction

Self-expanding Nitinol devices are the current gold standard in

endovascular stenting of the superficial femoral artery (SFA), as their
superelasticity and flexible designs allow them to accommodate large
deformations by external forces (Duda et al., 2006). Despite this, the
long-term efficacy can be impaired by in-stent restenosis (ISR) (Rymer
and Schuyler, 2018), stent thrombosis (Banerjee et al., 2016) and/or
device failure due to fatigue fracture (Allie et al., 2004). Self-expanding
stents must be oversized compared to the vessel diameter to ensure
adequate levels of lumen gain and an appropriate deployment configu-
ration. While manufacturers generally recommend that peripheral stents
should have a diameter that is 1 mm oversized compared to the vessel

ing is known to cause undesired mechanical dilatation of the vessel wall,
leading to an exaggerated healing response to the injury (Timmins et al.,
2011) and eventually to ISR (Sullivan et al., 2002). On the other hand,
stent undersizing could lead to incomplete strut-to-artery apposition,
which is recognized as a cause of stent thrombosis (Cook et al., 2012)
and, in extreme cases, stent migration following implantation (Zhao
et al.,, 2009). While it has been reported that incorrect sizing likely
contributes to a proportion of the adverse clinical outcomes (Attizzani
et al.,, 2014), a set of objective criteria to select the most appropriate
stent diameter in peripheral settings have not yet been established (He

* Corresponding author. Biomechanics Research Centre (BioMEC), Biomedical Engineering, School of Engineering, College of Science and Engineering, National

University of Ireland, Galway, Galway, Ireland.
E-mail address: ted.vaughan@nuigalway.ie (T.J. Vaughan).

https://doi.org/10.1016/j.jmbbm.2022.105259

Received 17 November 2021; Received in revised form 20 April 2022; Accepted 29 April 2022

Available online 5 May 2022

1751-6161/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:ted.vaughan@nuigalway.ie
www.sciencedirect.com/science/journal/17516161
https://www.elsevier.com/locate/jmbbm
https://doi.org/10.1016/j.jmbbm.2022.105259
https://doi.org/10.1016/j.jmbbm.2022.105259
https://doi.org/10.1016/j.jmbbm.2022.105259
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmbbm.2022.105259&domain=pdf
http://creativecommons.org/licenses/by/4.0/

M. Bernini et al.

et al., 2019).

Experimental studies on animal and human models have investi-
gated the effects of oversizing ratio OS on clinical outcomes. The OS
value, which represents the ratio between the nominal stent diameter
and lumen diameter at the target lesion site, typically ranges from 1 to 2
(Zhao et al., 2009; He et al., 2019; Cho et al., 2014). Zhao et al. (2009)
implanted self-expanding stents in iliofemoral arteries of swine animal
models and observed a marked lumen narrowing, stenosis and intima
formation in presence of severe oversizing, defined as a stent-to-artery
ratio above 1.4. Similarly, Cho et al. (2014) implanted self-expanding
stents into iliac canine models and observed a thickening of the neo-
intimal layer within three months of implantation, but at a higher
oversizing ratio of 2. This pathological response was believed to be due
to the greater chronic outward force exerted by the stent on the wall in
case of severe oversizing. Similar behaviour was observed in humans by
He et al. (2019) who analysed computer tomography (CT) angiography
from patients affected with atherosclerotic femoropopliteal arterial
occlusive disease, and demonstrated a positive correlation between se-
vere oversizing (40% oversizing rate evaluated at the narrowest
cross-sectional level of target lesion) and the incidence of ISR. Timmins
et al. (2011) combined in vivo analysis with computational methods to
prove a strong correlation between the stress induced in the artery wall
and the pathobiological response, which could likely culminate in
neointimal thickening. In contrast, Miki et al. (2017) compared the ef-
fects of self-expanding drug-eluting stents with a nominal diameter of
either 6 mm or 8 mm implanted in SFA human lesions with an oversizing
ratio of 1.4 and 1.8. The researchers found that severe oversizing ratio
(OS > 1.4) ensured a better patency if compared to normal oversizing
(0S < 1.4), that reported in one case restenosis in a SFA lesion. Studies
examining undersizing in self-expanding stents are less common. How-
ever, there is a clear correlation between adverse clinical outcomes and
incomplete stent apposition from coronary studies (Attizzani et al.,
2014; Agrawal et al., 2017). For example, Agrawal et al. (2017) per-
formed a retrospective analysis of the malapposition of stents in optical
coherence tomography of patients who underwent de novo stenting of a
major coronary artery and found undersizing as the reason which pro-
duced the largest degree of lack of contact between the strut and the
underlying intimal surface, with potential clinical consequences such as
thrombosis and ISR. Attizzani et al. (2014), who conducted a compre-
hensive review on the topic, suggested a substantial mismatch between
stent size and luminal dimensions as a cause of incomplete stent appo-
sition (ISA). Interestingly, they reported that the greater the acute ISA
(detected just after the procedure), the higher its persistence at
follow-ups, which might ultimately lead to stent thrombosis, as
confirmed by both histopathology and in vivo studies. While these
studies highlight an important role for stent sizing in clinical outcomes,
the effect of mis-sizing is still controversial and further insight into the
stent-artery biomechanics is required to improve the comprehension of
the problem.

In this context, modelling and simulations and the related regulatory
framework is emerging as a new methodology that could be adapted in
patient-specific modelling to support clinical decision-making (Pappa-
lardo et al., 2019). Finite element analysis (FEA) has been used in
literature to predict the mechanical performance and deployment
configuration of stents mainly focusing on coronary applications (Martin
and Boyle, 2011), with limited investigations on self-expanding devices
for peripheral vessels. When considering the latter, examples include
studies assessing the mechanical performance of peripheral stent design
under mechanical bench tests (Mckenna and Vaughan, 2021; Lim and
Jeong, 2017; Hejazi et al.,, 2021) and predicting long-term fatigue
resistance (Meoli et al., 2013; He et al., 2021; Lei et al., 2019). FEA was
additionally employed to assess the effectiveness of the stent deploy-
ment, either by modelling idealized vessels (Dottori et al., 2016; Early
et al., 2009; Zhao et al., 2012) to evaluate the level of stress induced in
the artery or accounting for patient-specific geometries (Gokgol et al.,
2015; Conti et al., 2017; Noble et al., 2021). Conti et al. (2017)
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computed the mechanical response of a Nitinol stent in a popliteal artery
during leg flexion, highlighting the importance of including realistic,
patient-specific geometry and loading conditions to fully predict in vivo
biomechanics. Noble et al. (2021) developed a FEA of stent implantation
in human femoral arteries obtained from imaging and highlighted the
greater influence of geometric features compared to the constitutive
material model in determining the final implanted configuration.
Gokgol et al. (2015) performed a study of self-expanding stent oversiz-
ing in five patient-specific models of non-calcified popliteal arteries,
with oversizing ratio ranging from 1.1 to 1.8. The authors reported that
increased oversizing resulted in limited improvement in lumen gain but
caused a rise in arterial wall stress. Nevertheless, there is a growing body
of evidence that more factors should be accounted for when selecting the
optimal stent diameter to ensure patency, avoid malapposition and
reduce the risk of fatigue failure. Given the limited examples of pre-
dictive studying on Nitinol stent oversizing, an objective biomechanical
understanding of the role of device sizing in superficial femoral arteries
needs to be established.

In this study, a finite element based computational model is used to
investigate the effect of oversizing of a commercial self-expanding
Nitinol stent in patient specific SFA lesions. Two different patient-
specific geometries are modelled to understand the role of anatomical
configuration on the predicted implantation outcome. A series of clini-
cally relevant parameters, including the lumen gain, the stent-to-artery
apposition, stress distribution in the arterial tissue and stent fatigue life,
is investigated to predict both short- and long-term outcomes.

2. Materials and methods
2.1. Geometry of the stent and the patient-specific vessels

The Zilver PTX (Cook® Medical, Bloomington, IN, USA) self-
expanding Nitinol stent, indicated for the treatment of restenotic
symptomatic lesions in the above-the-knee femoropopliteal arteries, was
modelled. This device is composed of sequential rings that feature open-
cell Z-shaped struts in a peak-to-valley design (Fig. 1a). A CAD model of
the geometry was built with Inventor® 2018 software (Autodesk, San
Rafael, CA, United States) based on the measurements taken from op-
tical microscopy and micro-CT imaging (Fig. 1b). Three different stent
sizes were considered, each having a length of 60.0 mm and nominal
diameters of 6.0 mm, 7.0 mm and 9.0 mm. For the sake of simplicity, the
three stent sizes have been labelled as 6.0 x 60 mm, 7.0 x 60 mm and
9.0 x 60 mm. The finite element mesh of the stent was composed of
hexahedral elements with reduced integration (C3D8R), an element
formulation suitable for analyses where bending is the most relevant
loading condition. A sensitivity analysis carried out with Abaqus/
Explicit (v. 2017, SIMULIA, Dassault Systemes) allowed to determine the
appropriate mesh discretization featured with a density of 4 x 4 ele-
ments across the thickness and width of the stent strut (Fig. 1c). Details
on the total amount and type of elements for each stent model are re-
ported in Table 1.

Two patient-specific human SFA, namely patients A and B, were
obtained from CT imaging of patients affected with long atherosclerotic
lesions previously published in Colombo et al. (2021), (2022). The
reconstruction method for the inner lumen was based on a validated
semi-automatic methodology (Colombo et al, 2020), and
three-dimensional (3D) models of the vessel (Fig. 2b) were created by
assigning a thickness of 1.35 mm, as reported in histological studies on
peripheral arteries (Wong et al., 1993). For sake of comparison, two
vessel segments were considered, from patients A and B respectively,
that featured a straighter and a more kinked geometry (Fig. 2a). A highly
regular hexahedral grid was built in HyperMesh software (v. 2020,
Altair Engineering, Troy, MI, USA) with a density of 3 elements across
the wall thickness (Fig. 2c), following a mesh sensitivity analysis. Details
on the geometrical features of the vessels, obtained with the Vascular
Modelling Tool Kit (v.1.3, Orobix, Bergamo, Italy) (Antiga et al., 2008),
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60.0 mm

(¢)

Fig. 1. Stent design: (a) finite element model of the stent; (b) the real device shown in an optical microscope image on the left and in a micro-CT reconstruction on
the right; (¢) discretization of the computational model with hexahedral elements.

Table 1
Geometry and mesh features of the stent models.
Stent Size Diameter, Length, Element Number of Table 2 . . "
mm mm type elements Geometrical and mesh features of the patient-specific vessels models.
6.0 x 60 6.0 60.0 C3D8R 820,864 Patient A Patient B
mm Geometrical features
7.0 x 60 7.0 60.0 C3D8R 835,424 Average diameter, mm 4.97 5.82
mm Centerline length, mm 71.71 88.66
9.0 x 60 9.0 60.0 C3D8R 936,672 Average Curvature, mm ! 0.021 0.024
mm Mesh features
Number of elements 5,475 17,280
Element type C3D8R C3D8R

(a)

Patient A

Patient B

(b)

Patient A

Patient B

Fig. 2. Patient-specific arterial models: (a) inner lumen surfaces reconstructed from CT images (Colombo et al., 2021), with indication of the portions selected for
this study; (b) 3D reconstruction of the SFA segments with detail of the mesh grid; (c) section of the stent and the artery with a close-up on both mesh grids.
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and on the mesh are reported in Table 2.
2.2. Material properties of the stent and the patient-specific vessels

2.2.1. Material calibration of the Nitinol stent with experimental testing

Given that wire or dumbbell specimens were not available in this
study, the mechanical behaviour of Nitinol material was calibrated with
standard mechanical bench tests performed on the device level, applying
a methodology previously reported in literature (Mckenna and
Vaughan, 2021; Cabrera et al., 2017).

Axial tensile testing was performed on the 7.0 x 120 mm device (n =
2) using a uniaxial test machine (Zwick Roell, GmbH & Co., Germany)
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equipped with a 10 N load cell and it was carried out in a water bath at a
temperature of 37 °C. Stent samples were loaded on cylindrical supports
at their extremities (McKenna and Vaughan, 2020), with the lower ex-
tremity fixed on the bottom of the water bath and the upper extremity
secured with spring clamps (Fig. 3a, experiment). A total axial strain of
10% was applied at a displacement rate of 0.1 mm s !. Radial
compression testing was performed on the 7.0 x 120 mm device (n = 3)
using an 8-plate crimping head (RCM-H60, MPT Europe) connected to a
uniaxial test machine (Zwick Roell, GmbH & Co., Germany) equipped
with a 100 N load cell ensuring the plates were at a temperature of 37 °C
(Fig. 3b, experiment). To account for the friction generated between the
plates, a test without a stent was run and the force recorded was

Experiment Simulation
(a) f '[Uy = 0.1 lstene
Uniaxial
Test
Machine
10N
Load Cell
Water
Bath
(b) Uniaxial
Test \
Machine
100 N Radial Force
Load Cell \ _ Tester
Heating
Control Unit
(c)
" ', ',
Water Bath Fw N‘
Bottom f M k
Deployed -AA A
ploye '
Stent f M *
|
Silicone ' v v H'
Mock Vessel
— . Y
Outer diameter z+—x

Fig. 3. Standard mechanical bench tests shown in the experimental and simulation setup: (a) axial tensile test; (b) radial compression test; (¢) deployment test.
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subtracted to the radial force curves (McKenna and Vaughan, 2020;
Fiuza et al., 2022). The stents were crimped from their full-expanded
configuration to a diameter of 4 mm, followed by uncrimping, at a
displacement rate of 0.1 mm s~ .

For the simulation, the inbuilt user-defined material model (VUMAT)
available in Abaqus was used to represent the superelastic behaviour of
Nitinol (Auricchio and Taylor, 1997). With the aim of reducing the
computational time, the geometry of a unit cell of the stent was
modelled for the calibration process. To simulate the axial tensile test, a
ring at each extremity was connected to a reference point (RP) with the
beam-type multi-point constraint. The RPs were assigned an encastre
and a displacement boundary condition to apply a strain of 10% (Fig. 3a,
simulation), as performed in the in vitro test. To simulate the radial
compression test, eight rigid plates patterned around the axis of the stent
were radially displaced (Fig. 3b, simulation) to enforce in the device a
diameter reduction to 4 mm (Mckenna and Vaughan, 2021). The ma-
terial parameters resulting from the calibration analysis are reported in
Table 3.

2.2.2. Material properties of the superficial femoral arteries

The non-linear behaviour of the artery was described with a
hyperelastic constitutive law based on a third order polynomial strain
energy function W:
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Table 4

Parameters of the hyperelastic model describing the vascular nonlinear behav-
iour. Only the relevant parameters highlighted by literature (Prendergast et al.,
2003) are reported.

Parameter ao ap1 [«2%) a asg

Value, kPa 18.90 2.75 590.42 857.18 0.00

was defined by a hard contact in the normal direction. Mass scaling
with a stable target time increment (TTI) of 5e % s was chosen to reduce
the computational costs. TTI value was based on a sensitivity analysis on
a sub-unit of the stent which verified the kinematics of the device and
ensured the ratio of kinetic energy over the internal energy to be less
than 5% for most part of the analysis to achieve a quasi-static regime
(Auricchio et al., 2011). The workflow included the following steps:

(i) Stent crimping to a diameter of 1.6 mm to account for the
deformation applied to place the device onto the delivery system.
The crimped configuration was obtained by implementing a
radial displacement of eight rigid plates patterned around the
longitudinal axis of the device (Mckenna and Vaughan, 2021), as
shown in Fig. 4i. A smooth step amplitude was used to enforce the
displacement boundary condition in 4 s. During this step, contact
between plates and stent was active, as well as self-contact among

W =ai(l —3) +ao (b —3) +ax(li —3) +an(li —3)(h —3) +an(h — 3 +ap(li —3)° +an(li — 3 (h—3) +an(l, —3)(l —3) +au( —3)° @)

The choice of the constitutive law and the material parameters
(Table 4) was based on the study from Prendergast et al. (2003), who
performed experiments on human femoral arteries.

2.3. FE model for the deployment of the stent in patient-specific vessels

2.3.1. FE workflow

A FEA of stent deployment was performed to assess the effects of
oversizing on patient-specific anatomies A and B. The Abaqus/Explicit
solver was chosen due to the non-linearities arising from the large de-
formations and the complexity of contact involved in the system (i.e.,
contact among different parts and self-contact). In each simulation case,
the general contact algorithm was applied to model surface-to-surface
contact (Mckenna and Vaughan, 2021). The interaction property
describing contact among different parts of the model was defined by a
hard contact in the normal direction and a penalty friction formulation
in the tangential direction, with a friction coefficient v = 0.2 (Mckenna
and Vaughan, 2021). The interaction property describing self-contact

Table 3
Nitinol material parameters for the VUMAT Abaqus model calibrated on the
experimental tests.

Parameter Symbol Value
Austenite elasticity, MPa Ea 47,000
Austenite Poisson’s ratio Va 0.3
Martensite elasticity, MPa Em 20,000
Martensite Poisson’s ratio Ym 0.3
Transformation strain €L 0.055
Start of transformation loading stress, MPa oy 420
End of transformation loading stress, MPa oF 500
Start of transformation unloading stress, MPa oY 150
End of transformation unloading stress, MPa o5 115
Start of transformation stress in compression, MPa ooy 455

Volumetric transformation strain &% 0.05

the stent surfaces.

(ii) Stent deployment into the patient-specific models. The crimped
stent was allowed to self-expand and make contact with the
arterial wall. For patient A anatomy, since the axis of the crimped
stent was aligned to the vessel centerline, it was sufficient to
radially release the rigid plates to uncrimp the device in 8 s while
activating the contact between the stent and the artery. For pa-
tient B anatomy, a morphing procedure was performed with a 3D
deformable cylindrical surface (SFM3D4R, membrane elements
with reduced integration), as displayed in Fig. 4iia. The cylinder
surrounding the crimped device was morphed to the centerline of
the vessel and gradually released in 8 s while activating the
contact between stent and artery, as in Fig. 4iib.

The FEA of the stent deployment procedure in A and B anatomies
were performed for the 6.0 x 60 mm, 7.0 x 60 mm and 9.0 x 60 mm
stents to study the effect of different diameter choice in the clinical
procedure.

2.3.2. FE validation

While the standard mechanical bench tests were used to derive the
material parameters, an experiment of stent implantation in a straight
silicone tube was performed to validate the computational predictions of
deployment and interaction with a vessel. To ensure consistency with
the guidelines of ISO 7198 (International Standard Organization, 2016),
the silicone mock vessel was manufactured by Dynatek Labs, Inc.
(Galena, MO, USA) with an inner diameter of 6.0 mm, a thickness of 0.6
mm (Ni Ghriallais, 2012) and a length of 150.0 mm. Deployment was
carried out in a water bath at 37 °C by introducing the delivery system
mounted with a 7.0 x 120 mm stent into the mock vessel and pulling the
sheath to allow the device to self-expand (Fig. 3c, experiment).
Concurrently, a FEA was performed to reproduce the self-expansion of
the device within the silicone tube. A shorter unit of the stent and vessel
was modelled (length of approx. 30 mm), since the main goal of this
analysis was the assessment of the radial behaviour (Fig. 3c, simulation).
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() Stent Crimping

Stent

Crimping Plates =
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@iin) Stent Deployment
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Fig. 4. Steps of the finite element model to simulate the deployment of the self-expanding Nitinol stent into the curved/kinked patient-specific vessel: (i) stent
crimping with radially-displaced rigid plates; (iia) stent morphing with a cylindrical surface; (iib) stent deployment.
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Fig. 5. Calibration of silicone material used for the mock vessel: (a) schematic of the silicone sample extraction (left) and sample dimensions (right); (b) experi-
mental setup (left) and computational implementation of the tensile test (right); (c) experimental and computational configuration of the sample under axial tensile
test; (d) comparison of stress-strain curves from the experimental tests (dashed lines) and computational analysis (red line).

To calibrate the constitutive law in the computational model, the sili-
cone was characterized through tensile testing on samples (n = 3) cut
from the mock vessel. Due to the relatively small dimensions of these
samples, a uniaxial stress state could not be guaranteed and therefore an
inverse finite element strategy was used to determine the materials
properties (Fig. 5c). Similar to previous studies, the mock vessel was
modelled with an isotropic elastic constitutive law (Wang et al., 2018;
Campeau et al., 2017), with an elastic modulus E = 0.65 MPa derived
from the fitting in Fig. 5d and a Poisson’s ratio v = 0.3 (Wang et al.,
2018).

Table 5
Oversizing ratios evaluated for the straight silicone mock vessel and the patient-
specific arteries.

Stent Size Mock vessel Patient A Patient B
6.0 x 60 mm 1.2 1.2 1.0
7.0 x 60 mm 1.4 1.4 1.2
9.0 x 60 mm 1.8 1.8 1.5

2.4. Post-processing and statistical analysis

2.4.1. Oversizing ratio
The procedural outcomes were compared to the oversizing ratio OS,
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defined as the ratio between the nominal stent diameter (dgent) and the
average vessel diameter (darery). Given the stent nominal sizes modelled
and the average vessel diameter of the patients A and B, the range of OS
under analysis was between 1.0 and 1.8 (Table 5). According to litera-
ture (Zhao et al., 2009), the value of the ratio can be classified as normal
when OS < 1.4 and high when OS > 1.4.

0S = ds(em (2)

danery

2.4.2. Indicators of short-term clinical outcomes

Clinically-relevant parameters, namely minimum lumen area (MLA),
lumen gain (LG) and incomplete stent apposition (ISA), were selected as
key indicators of the procedural outcomes based on the literature review
(Attizzani et al., 2014; Auricchio et al., 2011; Ikeno et al., 2007). The
aforementioned metrics were measured and computed as detailed in
Fig. 6 to evaluate the short-term outcome in a post-deployment scenario,
when comparing the performance of different stent sizes.

MLA (Fig. 6a) was measured as the lumen area after the deployment
in correspondence to the vessel segment where the pre-operative ste-
nosis was most relevant, while the LG (Fig. 6b) was computed as the
relative increase of minimum lumen area post the intervention with
respect to its pre-operative value. ISA (Fig. 6¢), defined as the lack of
contact between at least one stent strut and the underlying intimal
surface of the artery, was evaluated for each ring on the strut displaying
the largest distance from the wall. ISA value was used to predict the
occurrence of malapposition, defined as a detachment distance greater
than the strut thickness (Tomoi et al., 2015), which could lead to an
uncomplete stent coverage in the long-term. Normally, neointimal
healing tends to the full integration of struts within a year (Foin et al.,
2014), however, in severely-malapposed segments incomplete
re-endothelialisation is observed, which might delay healing and have
negative effects on blood flow (e.g., stent thrombosis). Finally, the stress
distribution within the arterial wall was investigated to assess the level
of vascular injury, as it has been proposed to be related to the incidence
of restenosis (Early et al., 2009; Zahedmanesh and Lally, 2009; Chen
et al., 2011).

2.4.3. Indicators of long-term clinical outcomes

A FEA of fatigue behaviour was conducted by applying a cyclic blood
pressure oscillating between the diastolic and the systolic values of 80
mmHg and 120 mmHg with a frequency of 1.2 Hz, corresponding to the
average blood pulsation conditions (He et al., 2021). Given the unique
nonlinear shape of the stress-strain curve of Nitinol, a strain-based fa-
tigue criterion was chosen (Allegretti et al., 2018). The values of
maximum principal strain were extracted at each integration point in
correspondence of the systolic and the diastolic time frames, and scalar
mean and alternating components were computed (Marrey et al., 2018):

(a) (b)

Pre-operation

Y
o

<
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Data pairs combining the mean and alternating components were
plotted on a constant life diagram and compared to Nitinol fatigue strain
limit (Pelton, 2011).

Firstly, the fatigue behaviour was assessed through the numerical
modelling of the deployment in a straight silicone mock vessel, as
advised for the in vitro tests by the Standard Test Methods for in vitro
Pulsatile Durability Testing of Vascular Stents (ASTM International, 2011).
Secondly, it was compared to the fatigue behaviour displayed into pa-
tients A and B to understand the influence of specific anatomies on fa-
tigue life.

2.4.4. Statistical analysis

To compare the effects of the device size on clinical outcomes, the
distributions of stress and strain were statistically analysed with Prism
(v.9.2.0, GraphPad Software, San Diego, CA, USA) and Matlab (v.
R2021a, MathWorks, Natick, MA, USA). The distribution of maximum
principal stress in the artery was evaluated for the short-term outcomes,
while the distribution of mean and alternating strain components in the
stent was evaluated for the long-term ones. The normality of the dis-
tributions was assessed with Kolmogorov-Smirnov test. Given the non-
normal distributions, the analysis of variance was performed within
each group (patients A and B) with the Kruskal-Wallis test. Finally, the
comparison of the medians within each distribution were tested through
unpaired Mann-Whitney U test, considering as significant a two-tailed p-
value < 0.0001 (****), due to the large amount of data points. The
statistical tests were first conduced on the entire distribution and sec-
ondly on an alternative distribution that considered the 25™ and 97.5™
percentiles. The choice of the threshold levels allowed to discard ele-
ments not affected by the deformation and to exclude peak values due to
artificial local concentration (Conti et al., 2017). The statistical signifi-
cance did not change among the entire distribution and the selected
alternative one.

3. Results
3.1. Calibration and validation of the stent model

The calibration process on the stent material parameters was ach-
ieved through the comparison with experimental results from axial
tensile test and radial compression test. The axial tensile test was used to
establish the value of the Young’s modulus of the austenitic phase (Ep) to
obtain a good fit to the force-strain curves (Fig. 7a), while the force-
diameter graph was employed to calibrate the remaining material pa-
rameters (Fig. 7b).

(c)

Post-operation

o :
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MLA =gd1 -d, LG

_ MLApos: — MLApre
MLAyre

Fig. 6. Schematic of key parameters for outcomes evaluation: (a) minimum lumen area; (b) lumen gain; (c) incomplete stent apposition.
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Fig. 8. Validation of the stent model: (a) qualitative comparison of configuration deployment in the experiment and in the simulation; (b) quantitative comparison of
the outer diameter (OD) measurement along the vessel in the experiment and the computational analysis.

The validation of the stent-vessel interaction was achieved by
obtaining a suitable match in the qualitative and quantitative compar-
ison of the deployment configuration (Fig. 8a and Fig. 8b), with a
maximum relative difference in the measurements of the outer diameter
(OD) of 0.71%.

3.2. Short-term outcomes of stent deployment in patient-specific vessels

Following the calibration and validation of the in silico model against
an in vitro comparator, each size of the device was deployed in patient-
specific scenarios A and B, where the constitutive law adopted for the
vessel material was derived from experimental tests on peripheral
human arteries (Prendergast et al., 2003). The predictions of the
post-implant configurations are shown in Fig. 9a and Fig. 10a for the 6.0
x 60 mm device, with a sectioned view for each stent size in Fig. 9b and
Fig. 10b.

The values of MLA, LG and ISA were compared among different stent
sizes. With higher OS, the simulation generally predicted an increase in
the MLA, but a nonlinear trend was reported in both patient-specific
scenarios (Fig. 9c and Fig. 10c). In patient A, the reference stent size
6.0 x 60 mm provided a LG of 23.7%, while 7.0 x 60 mm and 9.0 x 60
mm devices produced a LG of 32.9% and 30.4% respectively. In patient
B, the LG was 14.4%, 25.7% and 25.2% for 6.0 x 60 mm, 7.0 x 60 mm
and 9.0 x 60 mm. In both scenarios, it was found an improvement of
approximately 10% moving from a diameter of 6.0 mm to either 7.0 mm
or 9.0 mm, with slightly higher values for the middle case but almost no

difference among middle and larger diameter sizes.

The overall trend of ISA was measured on each ring considering the
worst-apposed strut (Fig. 9d and Fig. 10d). By increasing the diameter
size, the number of malapposed rings (ISA > 0.2 mm) reduced. In patient
A, 9 rings were classified as malapposed in the 6.0 x 60 mm case
(ISAmax = 0.63 mm), while they reduced to 1 and 2 respectively for 7.0
x 60 mm and 9.0 x 60 mm. In patient B, 15 rings were classified as
malapposed (ISAmax = 3.03 mm) and they reduce to 9 rings for 7.0 x 60
mm and 9.0 x 60 mm.

The levels of maximum principal stress induced in the artery by
different stent sizes are shown in Fig. 11a. In patient A, a similar dis-
tribution of maximum principal stress was present regardless of stent
sizing. Limited regions of lower values of stress were observed in the
upper-mid segment corresponding to rings where a higher strut
detachment distance was found, with distribution of higher stress in 7.0
x 60 mm and 9.0 x 60 mm devices. In patient B, a non-uniform dis-
tribution of stress was present, with almost no stress induced in the 6.0
x 60 mm device and larger areas of stress reported for increasing stent
diameters. These qualitative considerations were supported by the me-
dian [interquartile range] values reported in Table 6, and by the dis-
tributions of maximum principal stress visualized in the violin plots in
Fig. 11b. In patient A, a deviation in the distribution was observed with a
median value of stress of 6.71 kPa for 6.0 x 60 mm, which displayed an
increase to 21.65 kPa and 18.95 kPa for 7.0 x 60 mm and 9.0 x 60 mm
devices respectively. For patient B, the median values were 2.23 kPa for
the 6.0 x 60, with an increase to 5.50 kPa for the 7.0 x 60 mm and to
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Fig. 9. Short-term outcomes for patient A: (a) stent deployed in the patient-specific vessel (6.0 x 60 mm device is shown for sake of simplicity); (b) comparison of
the cross-sectional images for the three different stent sizes taken at the oth ring; (¢) minimum lumen area; (d) incomplete stent apposition.
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Fig. 10. Short-term outcomes for patient B: (a) stent deployed in the patient-specific vessel (6.0 x 60 mm device is shown for sake of simplicity); (b) comparison of
the cross-sectional images for the three different stent sizes taken at the ond ring; (¢) minimum lumen area; (d) incomplete stent apposition.

14.19 kPa for the 9.0 x 60 mm. Furthermore, the distributions of stress
resulted significantly different in each group comparison (p < 0.0001),
specifically highlighting the relevant variations between device sizes.

3.3. Long-term outcomes of stent deployment in patient-specific vessels

The fatigue behaviour of the stent was assessed in the constant life
diagrams and compared with the experimental limit curve at 107 cycles
reported in literature (Pelton, 2011) in Fig. 12. The distribution of the
mean (&) and alternating strain (&,) components were analysed and the
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Fig. 11. Stress distribution in the vessel wall post-implantation: (a) maximum principal stress map comparing the effects of increasing stent diameter; (b) distri-
bution of maximum principal stress when accounting the values between the 25™ and 97.5™ percentiles reported for the reference case (6.0 x 60 mm). ****: p

< 0.0001.

Table 6
Median value and interquartile range [IQR] of the maximum principal stress
distribution in patient A and B for different stent sizes.

Maximum Principal Stress, kPa
Median [IQR]

Stent Size

Patient A Patient B
6.0 x 60 mm 6.71 [2.99-12.55] 2.23 [0.60-5.55]
7.0 x 60 mm 21.65 [13.06-30.72] 5.50 [1.33-21.50]
9.0 x 60 mm 18.95 [10.95-27.33] 14.19 [4.51-26.48]

median [interquartile range] values were reported in Table 7.

The silicone mock vessel displayed a statistically significant rise of
em, With a median value of 0.065%, 0.101% and 0.140% for increasing
stent diameter. The e, component remained below the limit curve,
reporting a median value of 0.000%, 0.001% and 0.003% for the 6.0 x
60 mm, 7.0 x 60 mm and 9.0 x 60 mm devices, respectively. It was
observed in all cases that the concentration of strain was focused on the
V-peak, which are the structures subjected to bending during radial
compression and expansion (Fig. 13a).

The radial pulsatile fatigue behaviour was investigated also in the
patient-specific scenarios to quantify the effects on patient A and patient
B anatomies. The range of &, displayed values comparable to the
straight vessel: patient A recorded a median of 0.055%, 0.088% and
0.104% while patient B reported values of 0.048%, 0.043% and 0.105%
for 6.0 x 60 mm, 7.0 x 60 mm and 9.0 x 60 respectively. Constant life

diagrams revealed no points above the fatigue threshold in patient A,
while a critical behaviour was highlighted in patient B with the 6.0 x 60
mm and 9.0 x 60 mm sizes showing data pairs above the 10 cycles limit
(Fig. 12). The contours of ¢, reported in Fig. 13a highlighted a different
distribution of alternating strain in patient A and B when compared to
the straight silicone case. This result, also confirmed in the violin plot
distribution of the alternating strain component reported in Fig. 13b, is
likely caused by the interaction with the specific anatomy of each
patient.

3.4. Performance according to the oversizing ratio

To compare the effects of oversizing between patients A and B, re-
sults were summarized in function of the OS ratio. The short-term out-
comes were reported in terms of the LG value, average ISA and the
median value of maximum principal stress in Fig. 14a, whilst the 97.5™
percentile of the mean strain component (¢y,) and the maximum value of
the alternating component (&,) were plotted in Fig. 14b for the long-term
outcomes.

The results confirmed that an OS < 1.2 provided poor short-term
outcomes, with a lumen gain limited to a value of 14.4% and an
average stent apposition of 0.90 mm, substantially above the malap-
position threshold. Critical long-term outcomes were highlighted in the
&, component, likely linked to the presence of severe malapposition.
Oversizing in the range 1.2 < OS < 1.4 showed improved behaviour,
with a LG greater than 25% for both patient A and patient B, an average
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Fig. 12. Long-term outcomes: constant life diagrams are shown for each stent size and scenario. Each point represents a data pair of mean strain component (¢5,) and
alternating strain component (¢,) obtained at the integration point of an element and it’s plotted against the fatigue limit curve (red line) (Pelton, 2011).

Table 7

Median value and interquartile range [IQR] of the strain mean component (¢y,)
and the alternating component (¢,) distributions in the silicone mock vessel,
patient A and patient B for different stent sizes.

Maximum Principal Strain, %
Median [IQR]

Stent Size  Silicone Mock Vessel Patient A Patient B

6.0 X 60 mm

Emy, %0 0.065 [0.027-0.144] 0.055 [0.026-0.127] 0.048 [0.025-0.102]
€a % 0.000 [0.000-0.001] 0.001 [0.000-0.002]  0.004 [0.002-0.010]
7.0 X 60 mm

Em, %0 0.101 [0.038-0.233] 0.088 [0.041-0.211] 0.043 [0.021-0.090]
€a % 0.001 [0.000-0.004] 0.000 [0.000-0.001]  0.000 [0.000-0.001]
9.0 X 60 mm

&m, % 0.140 [0.050-0.443] 0.104 [0.043-0.539]  0.105 [0.047-0.307]
€2 % 0.003 [0.001-0.008] 0.000 [0.000-0.001] 0.002 [0.001-0.004]

ISA less than the malapposition threshold, and only a relatively small
increase in the long-term fatigue components of mean and alternating
strain. However, higher oversizing, OS > 1.4, provided little additional
benefit to both the LG and ISA. While high oversizing did not alter
arterial stress distribution greatly, the results demonstrate that their
long-term fatigue performance was compromised, with scenarios having
OS > 1.4 showing a distinct increase of mean strain (&) across all
straight and patient-specific cases considered.

4. Discussion

Self-expanding Nitinol stents are commonly oversized to the inner
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lumen of the vessel to ensure a suitable deployment configuration
(Saguner et al., 2012). However, objective criteria to select the appro-
priate stent-to-lumen oversizing ratio (OS) have not yet been established
(He et al., 2019) and incorrect sizing has been reported as a potential
cause of adverse short- and long-term clinical outcomes (Attizzani et al.,
2014). The presence of controversial findings in experimental and
clinical studies (Zhao et al., 2009; He et al., 2019; Cho et al., 2014; Miki
et al.,, 2017) and the limited number of computational investigations
(Gokgol et al., 2015) motivated the current work.

In this study, numerical models were developed to predict the
deployment of a commercially available self-expanding stent into
human SFA sections reconstructed from CT-imaging of patients affected
by PAD (Colombo et al., 2021). Stents with different diameter sizes were
deployed into two vessel segments featuring a straight anatomy (patient
A) and curved/kinked anatomy (patient B), to assess the effects over-
sizing ratios within the range 1.0 < OS < 1.8. The impact of OS in the
different scenarios were compared in the short- and long-term settings,
based on the analysis of clinically relevant performance indexes
(Fig. 14).

Concerning the short-term outcomes, acute lumen gain (LG) was
limited to approx. 14% at low oversizing (OS < 1.2), while a normal
oversizing (1.2 < OS < 1.4) gained a more desirable LG in the range of
approx. 24%-33%, indicating improved vessel patency and a lower
probability of developing restenosis (Kuntz et al., 1992). Interestingly,
for high oversizing (OS > 1.4), no additional benefit was found since the
LG recorded a marginal increase when compared to normal OS, in
agreement with previous findings (Gokgol et al., 2015). Concurrently,
levels of incomplete stent apposition (ISA) above the critical threshold of
0.2 mm (Tomoi et al., 2015) were displayed for low OS, while a normal
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Fig. 13. Alternating strain distribution in the stents under pulsatile blood pressure: (a) contour plots of the alternating strain component ¢, for each scenario and
device size; (b) violin plot showing the distribution of &, when accounting the values between the 25 and 97.5% percentiles reported for the reference case (6.0 x 60

mm in the silicone mock vessel). ****: p < 0.0001.

OS ensured a relevant reduction of the levels of malapposition. Inter-
estingly, the results clearly predicted severe ISA in the curved/kinked
case of patient B compared to the straighter case of patient A case, with
incomplete apposition persisting for the largest oversizing ratios
(Fig. 10d). Although physiological vascular healing might progressively
improve this, the levels of ISA in patient B are to be considered serious
and likely associated to late strut coverage, persistent malapposition at
follow-up and potential cause of stent thrombosis (Attizzani et al., 2014;
Gutiérrez-Chico et al., 2012 ). As previously identified in literature
(Agrawal et al., 2017), lumen asymmetry in kinked/curved anatomies
might be one of the reasons of malapposition, thus in similar anatomies
the choice of larger stent diameter could be necessary to mitigate risks.
Nevertheless, while increasing the OS ratio may been considered for
improving the post-implantation configuration of the device, the level of
stress induced in the arterial wall should also be considered to avoid
undesired tissue injury (Zhao et al., 2011). Remarkably, the trends of
arterial stress seemed not to be driven by the OS value, but rather to be
influenced by the patient’s anatomy. In the patient A, a 3.2-fold increase
in arterial stress index was reported when OS > 1.2, whereas in patient
B, the arterial stress increased with the OS ratio, reporting a 2.4-fold and
a 6.4-fold rise for normal and high oversizing ratios respectively. Despite
these findings, it must be considered that late stent expansion occurs
over time (Zhao et al., 2009), suggesting that the larger stent diameter
could lead to even higher values of stress at a later stage.
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In terms of long-term outcomes, the fatigue behaviour under radial
pulsatile loading was assessed in both patient A and B, and it was
compared with the prediction from the deployment in a straight silicone
mock vessel. The mean strain component (&) displayed a similar
increasing trend with OS ratio for both idealized and patient-specific
scenarios, in agreement with previous studies (Meoli et al., 2013; Pel-
ton et al, 2008). Slightly higher values were reported in the
patient-specific scenarios, possibly due to the different material
employed to model the arterial tissue. The alternating strain component
(¢5) in the idealized case showed reduced fatigue safety when larger
oversizing ratios were considered, as previously stated in other findings
(Gokgol et al., 2015). However, in patient-specific scenarios, different ¢,
trends were observed, with all values below the threshold of 0.4% for
normal oversizing (1.2 < OS < 1.4) but highlighting critical values
above 0.4% in patient B for low OS. This behaviour is likely connected to
the presence of serious malapposition that, as proposed in a clinical
report (Allie et al., 2004), may weaken struts due to unusual angles and
hinge points, thus promoting stent fracture. Overall, the response to
pulsatile cardiac pressure suggested that the confinement exerted on the
stent from the vessel is fundamental in determining the fatigue life of a
stent, as proposed by Meoli et al. (2013) and that patient-specific
anatomies could exert relevant deformation on the stent if compared
to the straight mock vessel, which is typically suggested by the norma-
tive for in vitro pulsatile durability testing (ASTM International, 2011).
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Fig. 14. Summary of short- and long-term outcomes according to OS ratio: (a)
plotted against the oversizing ratio.

Concerning the individuals’ specificity, a previous study investigated
the effects of oversizing on five patients, with no difference reported
among the cohort under analysis in terms of fatigue behaviour. Inter-
estingly, the direct comparison performed in this work revealed that
patient-specific features play an important role in defining the clinical
results, which may explain the contradictory results reported in in vivo
and clinical studies (Zhao et al., 2009; Miki et al., 2017). In particular,
individual differences seemed to have a relevant influence on the level of
ISA, stress induced in the arterial wall, and on the fatigue life. In this
context, simulation-based surgical planning could be used to predict
potential complications due to the interaction of the device frame with a
specific patient’s anatomy. While personalized prediction models have
already been developed for transcatheter aortic valve implantation to
select the optimal device type and size (El Faquir et al., 2020; Gunning
et al., 2014), only a few numerical models investigated the effects of
oversizing for the treatment of femoral arteries (Gokgol et al., 2015;
Gokgol et al., 2017). In addition to previous numerical studies on
oversizing in SFAs, the computational framework here developed was
supported through an experimental campaign that included standard
benchmark tests (namely axial tension and radial compression) and was
robustly validated with confined deployment in a mock vessel. While
this validation strategy did not fully capture the patient-specific geom-
etry of the vessels investigated, future work could investigate this
through a similar strategy with 3D-printed vessels (Berti et al., 2021).

The limitations and simplifications within this study need to be
discussed. The anatomy of the vessels was reconstructed from CT im-
aging of patients affected by PAD, who presented long atherosclerotic
plaques. Despite not representative of high levels of atherosclerosis, the
choice of the arterial segments performed in this study allowed to select
an oversizing ratio in the range between 1.0 and 1.8 and it was deemed
representative of a post-angioplasty scenario where stenting procedure
would be performed. The segments considered in this study did not show
important levels of calcification, therefore the material modelled for the
vessel was homogeneous. To allow direct comparison between scenarios

short-term indexes are plotted against the oversizing ratio; (b) long-term indexes are

A and B, tissue properties were chosen to be representative of a healthy
human femoral artery, however, this choice would have had effects on
the prediction of stress within the arterial wall. In the future, a larger
number of samples of patient-specific scenarios could be included and
the presence of plaques and calcifications could be used to provide more
complete analyses of the stress induced in the arterial vessel (He et al.,
2019; Gokgol et al., 2017). In addition, the method used to simulate
stent deployment does not represent the real procedure that occurs
through the unsheathing of the catheter, which would require a more
complex numerical implementation. However, this method is commonly
employed for the deployment of self-expanding devices (Noble et al.,
2021; G 6 kg 6 1 et al., 2017; Petrini et al., 2016; Leng et al., 2018) and
showed no differences in the final configuration when compared to the
in vitro deployment in the straight silicone vessel which was obtained by
unsheathing. Finally, on the fatigue assessment, only the pulsating
loading condition caused by blood pressure was considered in this work,
however, previous studies in literature investigated the effects of
walk-induced motion (Meoli et al., 2013; He et al., 2021; Dordoni et al.,
2014) and reported that a combination of axial compression, torsion and
bending increased the risk of fatigue failure (Meoli et al., 2013; Dordoni
et al., 2014). Even though these deformations are less severe in super-
ficial femoral arteries if compared to distal locations (e.g., adductor
hiatus, popliteal artery) (Poulson et al., 2018), the incorporation of the
biomechanical deformations due to leg movements into the model could
provide additional insight into the long-term performance of the device.

5. Conclusions

This study facilitated a greater understanding of the effects of over-
sizing of self-expanding Nitinol stents in patient-specific scenarios
through computational simulation. The results demonstrated that
insufficient oversizing (OS < 1.2) caused undesirable short- and long-
term outcomes, with limited lumen gain, substantial strut-to-artery
malapposition and an alternating strain component above the fatigue
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limit curve. On the other hand, excessive oversizing (OS > 1.4) did not
improve acute vessel patency, but instead caused an increase in the risk
of arterial tissues injury and clearly amplified the mean strain compo-
nent under fatigue conditions, despite being beneficial in reducing strut-
to-artery malapposition. Oversizing of 1.2 < OS < 1.4 provided the most
favourable results in agreement with in vivo findings (Zhao et al., 2009),
with this study providing detailed insights on the biomechanical effects
of a suitable stent size on lumen gain, reduced malapposition levels and
non-critical fatigue life. Larger studies will be needed to extensively
explore the relationship between risk of fatigue failure and malap-
position, considering the addition of further patient-specific geometries.
Overall, the work highlighted that the response is specific accordingly to
the anatomy, thus supporting the need of patient-specific predictive
simulations to reduce potential complications.
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