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Abstract

Poor outcomes of peripheral arterial disease stenting are often attributed to the inability of stents
to accommodate the complex biomechanics of the flexed lower limb. Abrasion damage caused
by rubbing of the stent against the artery wall during limb movement plays a significant role

in reconstruction failure but has not been characterized. Our goals were to develop a method

of assessing the abrasiveness of peripheral nitinol stents and apply it to several commercial
devices. Misago, AbsolutePro, Innova, Zilver, SmartControl, SmartFlex, and Supera stents were
deployed inside electrospun nanofibrillar tubes with femoropopliteal artery-mimicking mechanical
properties and subjected to cyclic axial compression (25%), bending (90°), and torsion (26°/cm)
equivalent to five life-years of severe limb flexions. Abrasion was assessed using an abrasion
damage score (ADS, range 1-7) for each deformation mode. Misago produced the least abrasion
and no stent fractures (ADS 3). Innova caused small abrasion under compression and torsion but
large damage under bending (ADS 7). Supera performed well under bending and compression
but caused damage under torsion (ADS 8). AbsolutePro produced significant abrasion under
bending and compression but less damage under torsion (ADS 12). Zilver fractured under all
three deformations and severely abraded the tube under bending and compression (ADS 15).
SmartControl and SmartFlex fractured under all three deformations and produced significant
abrasion due to strut penetration (ADS 20 and 21). ADS strongly correlated with clinical 12-
month primary patency and target lesion revascularization rates, and the described method of
assessing peripheral stent abrasiveness can guide device selection and development.
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Introduction

Peripheral Arterial Disease (PAD) often refers to an atherosclerotic obstruction of the
femoropopliteal artery (FPA) that reduces blood flow to the lower limbs. Angioplasty with
stenting is a minimally invasive procedure to treat PAD, but its clinical outcomes continue to
disappoint as a third to a half of the patients develop hemodynamically significant restenosis
and require re-intervention within 2-3 years after treatment [1, 2]. While the reasons for
these poor clinical results are not entirely clear, the severe biomechanical environment of the
lower limb likely plays a central role because it subjects the FPA to significant deformations
during limb movement [3-5]. As demonstrated by recent bench-top [6], perfused human
cadaver [3], and patient [7, 8] studies, many peripheral stents are unable to accommodate
these deformations, resulting in adverse stent-artery interactions that may be responsible

for the high restenosis and stent fracture rates in the arteries of the lower extremities

[9]. Repetitive locomotion-induced deformations may produce continuous rubbing of the
stent against the artery wall, injuring the endothelium, and causing deleterious cellular and
biochemical responses that may culminate in disease progression and reconstruction failure
[10, 11]. This process may be further exacerbated by stent fractures if sharp metal struts
abrade and penetrate the arterial wall, or have little effect if the struts break in a non-abrasive
manner [12].

While differences in peripheral stent designs and their biomechanical performances have
now been well documented [9], the assessment of their abrasiveness under limb movement-
induced FPA deformations remains unexplored. Studies of aortic stent-grafts [13-15]
described a method for assessing graft abrasion by the metal stent and demonstrated that
laser-cut devices are more aggressive in damaging fabric yarns compared to wire-based
stents. Lin et al. [16] suggested that stent-graft abrasion is one of the mechanisms for type
V endoleaks and one of the possible causes of Talent stent-graft failure [17], while the study
of AneuRx stent-grafts [18] found that 66% of devices had fractures and almost half had at
least one hole. These results demonstrate that even aortic wire-based stents that rarely have
sharp edges can (and often do) damage the robust graft fabric, pointing to the importance of
evaluating this phenomenon in peripheral stents that are often laser-cut [9] and operate in a
much more biomechanically hostile environment [3].

The complexity of limb flexion-induced deformations and the highly localized nature of
damage do not allow the use of traditional Martindale [14] or Wyzenbeek tests to quantify
peripheral stent abrasion. Clinical data can provide indirect evidence, but the variability in
patient and lesion characteristics, differences in the applied biomechanical loads that vary
with posture and intensity, and the invasive nature of such measurements, make the /n vivo
assessment of stent abrasiveness challenging. The goal of our study was to propose a novel
in vitro method for assessing stent abrasiveness under well-controlled deformations often
experienced by human FPAs. We have developed a reproducible synthetic FPA abrasion
model and used it to compare the abrasiveness of seven commercial peripheral stents
under axial compression, bending, and torsion deformations equivalent to five life-years
of severe limb flexions. The methods and results of this study can be used to guide device
selection and the development of novel, less abrasive stents to improve clinical outcomes of
endovascular PAD repait.

Acta Biomater. Author manuscript; available in PMC 2023 January 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Keiser et al.

Page 3

2. Methods

2.1. Synthetic tubes with FPA-like mechanical properties

Diseased arteries are heterogeneous and cannot survive long-term ex vivo testing without
degradation. To circumvent these issues, we have manufactured 6mm synthetic tubes with
FPA-like mechanical properties by electrospinning polyurethane Pellethane (The Lubrizol
Corporation) 5863—-82A (PU 82A) at 10% weight/weight and 2% of the polymer mass

of Coomassie Brilliant Blue R-250 dissolved in 6:4 weight/weight tetrahydrofuran and
dimethylformamide solvents (both MilliporeSigma), respectively. A conductive collector
rod wrapped with 24-gauge copper wire was used to aid in the removal of the tubes. The
polymer solution was loaded into a 10 mL plastic syringe (CareTouch) with a 25-gauge
blunt tip and 1” Luer lock needles, and mounted onto a syringe pump (Chemyx Fusion
200) set on a linear translational stage (ASHANKS Shenzhen Dslrk Technology Co). The
PU nanofibrillar tube was electrospun on top of the copper wire at a rate of 2 ml/h for

2 h at a 20 kV potential difference. The working distance between the collector rod and
the syringe pump was 12 cm, and the travel distance of the linear translational stage was
45 cm at a speed of 2.8 cm/s. The graft thickness was controlled by adjusting the total
solution feed volume during electrospinning. Tubes were made at an initial length of 45 cm
(removing 4-5 cm from each end) and cut into 5 cm-long segments to accommodate 4 cm
long stents. Every fifth 45 cm graft was used to perform a quality check by sectioning the
tube in 1 cm increments and measuring thickness under a Leica MZ75 stereomicroscope.
The average thickness of the nanofibrillar tubes was 127.1 + 6.6 pm. Using the CellScale
Biotester (CellScale, Ontario, Canada) and the experimental protocols described previously
[19-22], we have evaluated the mechanical stiffness of our tubes and have adjusted

the electrospinning manufacturing parameters to match the circumferential stiffness of

> 70-year-old human FPAs in the 50th percentile (i.e., 954 kPa) [20]. Axial, torsional,

and bending stiffnesses of the tube were considered negligible, because in unpressurized
FPAs they are much lower than those of stents [6]. The resulting nanofibrous tubes were
subjected to equibiaxial mechanical testing, and their Young’s modulus was 929 + 11 kPa
calculated from the engineering circumferential stress-strain data at 10% strain, which was
not statistically different from that of the old human FPAs (954 kPa, p = 0.13) [20]. The
synthetic abrasion model was validated by comparing its stent-induced damage with that
produced by the same devices deployed in human FPAs as described in the next section.

2.2. Comparison of the nanofibrillar tubes to human FPA

The ability of the nanofibrillar tubes to simulate stent-induced damage was verified by
comparing the results to those obtained with the same type of stents deployed in real human
FPAs. Fig. 1(A) demonstrates a Smart Control (Cordis) stent deployed into an ex vivo
human FPA, and Fig. 1 (B,C) demonstrates the result of subjecting the artery to cyclic
torsional deformations that fractured the stent and resulted in its struts penetrating the artery
wall. Despite the faint imprint that can be seen in Fig. 1(C), it was not possible to accurately
and repeatedly quantify this abrasion, which stimulated the development of a repeatable
synthetic vessel approach.

Acta Biomater. Author manuscript; available in PMC 2023 January 03.
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2.3. Stents

Seven stents frequently used to treat PAD (Fig. 2) were used in the analysis. These

included AbsolutePro and Supera (Abbott Vascular), Innova (Boston Scientific), Zilver
(Cook Medical), SmartControl and SmartFlex (Cordis), and Misago (Terumo). All stents
except Supera had a 7 mm diameter to account for the 1 mm oversizing recommended

by the manufacturers. The diameter of Supera was 6 mm to allow 1:1 sizing required by

the manufacturer. Stent geometry and strut profiles were analyzed using microcomputed
tomography (ULCT) and an EasyTom S 150 (Productivity Quality, Inc., Plymouth, MN)
scanner with a copper filter. Scans were done at 5.86 um voxel size, 150 kV voltage,

66 PA current, a frame rate of 5, and the number of frames set at 7. Three-dimensional
reconstructions were done using Mimics v24 software (Materialize, Leuven, Belgium), and
the analysis was done in 3-Matic v16 software (Materialize, Leuven, Belgium). Stent strut
thickness, strut width, inner and outer strut roundness (fillets), smallest and largest apexes,
and the total number of apexes in the cross-section were measured for each device. The
measurements were done at nine different locations and averaged. The inner and outer fillets
and the sharpness of the apexes were quantified by fitting circles and recording their radii.
After imaging, the stents were deployed into the nanofibrillar tubes and mechanically tested
under axial compression, bending, and torsion deformations.

2.4. Mechanical testing

Stent segments 4 cm long were crimped onto a delivery catheter, deployed into 5 cm long
nanofibrillar tubes (Fig. 3A), attached to custom-built fixtures (Fig. 3B-D) by clamping

the stent on both ends, and evaluated under displacement-controlled axial compression,
bending, and torsion deformations at 37°C for a total of 345,600 cycles at 2 Hz using the TA
Electroforce 5175 BioDynamic tester (New Castle, DE, USA). Tubes were not pressurized
because the permeability of the material, abrasion, and strut penetration did not allow to
maintain stable pressure. Values of axial compression (25%), bending (90°), and torsion
(x26°/cm rotation) were determined previously [3-5, 9] and represented the worst-case fetal/
gardening posture. In a single day, patients with affected lower extremities bend their limbs
to this position ~180 times [23], and therefore 345,600 cycles represented ~5 life-years
worth of limb flexions, while the 5-year PAD patient mortality is ~50% [24]. Because of the
significant rate of stent fracture, one stent was used per deformation mode.

2.5. Quantification of abrasion

Abraded nanofibrillar tubes were imaged and characterized using Scanning Electron (SEM)
and optical microscopy. Electrospun tubes were coated with gold using a Cressington
sputter coater for 15 s prior to imaging. An FEI Helios NanoLab 660 scanning electron
microscope was used for imaging using voltages between 2 and 5 kV. Stents were imaged
using an SNE-4500M Plus Table-top SEM using voltages between 10 and 15 kV. Optical
microscopy of the abraded tubes was done using the Leica MZ75 stereomicroscope at 2.0x
magnification and Nikon D5200 digital camera. The non-abraded and abraded segments of
the nanofibrillar fabric were traced manually in an image analysis software (ImageJ), as
shown in Fig. 4.

Acta Biomater. Author manuscript; available in PMC 2023 January 03.
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For each device and each deformation mode, the Abrasion Ratio (AR) defined as the area of
the abraded region to the area of the corresponding non-abraded region, was measured. The
non-abraded segment was taken from the area where the stent was clamped into the fixture,
creating an imprint in the nanofibrillar fabric that was traced manually in an image analysis
software (ImagelJ). For consistency, five different unit cells containing one complete stent
apex were measured in each sample, and the results were averaged. Tracing was performed
twice by the same operator in random order, and the error was similar to tracing different
unit cells of the same stent. If the stent abrasion was the same or less than the stent imprint
area, the stent was assigned an AR of 1.0, indicating little interaction between the stent and
the tube.

In addition to the AR, a semi-quantitative additive scoring system was used to assess the
overall abrasion damage score (ADS) for each device and each deformation mode. A small
amount of abrasion resulting from the minimal interaction between the stent and the tube
(AR < 2) added +1 to the score, while medium abrasion (2 < AR < 3) added +2, and severe
abrasion with extensive wear (AR = 3) added +3. In addition, if the stent had broken struts,
the ADS increased by +1, and if the broken struts tore through the tube fabric, the score
increased by +3. ADS was added across deformation modes and compared across devices.

2.6. Statistical analysis

Pearson (r) and Spearman (p) coefficients were calculated to assess the strength of
correlation between the abrasion ratio, stent design characteristics measured using uCT,
device stiffness [6], and clinical primary patency rates. The strength and statistical
significance of correlations were assessed using Matlab’s corr function by testing the
hypothesis of no correlation against the alternative that there is a nonzero correlation
assuming statistical significance at p < 0.05.

3. Results

3.1. Abrasion under axial compression

Misago, AbsolutePro, Innova, and Supera accommodated 25% axial compression without
fractures, while Zilver, SmartControl, and SmartFlex had various degrees of strut fracture

or complete stent separation. Images of the abraded tubes (Fig. 5) demonstrate the effect of
stent design on abrasion severity, and ARs are summarized in Table 1. SmartFlex produced
the most abrasion (AR 4.07) and had ten broken struts (+1 ADS) that tore through the fabric
(+3 ADS), resulting in an ADS of 7. SmartControl had an AR of 3.25 (+3 ADS), broke

in half during testing (+1 ADS), and the sharp strut edges tore holes through the tube (+3
ADS), resulting in an ADS of 7. Zilver produced moderate abrasion (AR 2.79, +2 ADS), but
had three strut fractures (+1 ADS) that tore through the fabric (+3 ADS), adding to an ADS
of 6. AbsolutePro had an AR of 2.11 (+2 ADS), and its single-prong apexes abraded the tube
more than its three-prong apexes. Though the struts had no fractures (+0 ADS), the stent
wore through the fabric (+3 ADS), producing holes and resulting in an ADS of 5. Innova,
Misago, and Supera caused the least abrasion (Innova AR 1.97, Misago AR 1.33, Supera AR
1.0, for all +1 ADS), did not have strut fractures (+0 ADS), or fabric penetrations (+0 ADS),
and all had ADS of 1.

Acta Biomater. Author manuscript; available in PMC 2023 January 03.
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3.2. Abrasion under bending

Misago and Supera were the only stents able to accommodate 90° bending without
fractures or tearing through the fabric, while AbsolutePro, Innova, Zilver, SmartControl,
and SmartFlex had various degrees of strut fracture. Fractures typically occurred along
the inner curve of the bend where the stents compressed and their struts tended to tangle.
Abraded tube images are presented in Fig. 6, while the ARs are summarized in Table 1.
SmartControl (AR 3.65), SmartFlex (AR 3.60), and Zilver (AR 3.31) produced the most
abrasive interaction with the tube (+3 ADS). SmartControl had 8 broken struts (+1 ADS),
SmartFlex had 6 broken struts (+1 ADS), and Zilver had 2 broken struts (+1 ADS) that
aggressively abraded the fabric (+3 ADS), causing multiple tears. Each of these stents
received an ADS of 7. AbsolutePro had an AR of 2.26 (+2 ADS) with 2 strut fractures
(+1 ADS) that penetrated the tube (+3 ADS) and resulted in an ADS of 6. Innova (AR
1.86) caused mild abrasion (+1 ADS) but experienced two strut fractures (+1 ADS) pierced
that through the fabric (+3 ADS), producing an ADS of 5. Misago and Supera caused the
least abrasion (Misago AR 1.31, Supera AR 1.0) with no strut fractures (+0 ADS) or tube
penetrations (+0 ADS), and both had an ADS of 1.

3.3. Abrasion under torsion

3.4.

Misago, AbsolutePro, and Innova accommodated 26°/cm twists without fractures, while
Zilver, SmartControl, SmartFlex, and Supera fractured to various degrees. Abraded tube
images are presented in Fig. 7, and ARs are summarized in Table 1. SmartFlex produced the
most severe abrasion (AR 4.18, +3 AD) and had 3 broken struts (+1 ADS) that penetrated
the tube (+3 ADS), resulting in an ADS of 7. SmartControl had an AR of 2.61 (+2 ADS)
and broke in half (+1 ADS). Its struts produced holes (+3 ADS) which added to an ADS

of 6. Supera also broke in half (+1 ADS), and its exposed wires tore the tube (+3 ADS).

The AR for Supera was 2.47 (+2 ADS), and an ADS was 6. Zilver had an AR of 1.42 (+1
ADS) and three strut fractures (+1 ADS), but the fractured struts did not produce holes (+0
ADS), and an ADS was 2. AbsolutePro (AR 1.82), Innova (AR 1.62), and Misago (AR 1.40)
caused the least abrasion with no strut fractures (+0 ADS) or fabric penetration (+0 ADS),
and all scored an ADS of 1.

Influence of stent design parameters on abrasion

Stent strut profile characteristics and device stiffnesses under axial compression, bending,
and torsion [6] are summarized in Table 1. Abrasion under compression had positive
correlation with the number of stent apexes (r= 0.8, p=0.04, R2 = 0.59, Fig. 8A) and

the stiffness of in the stent compression (7= 0.9, p= 0.004, R2 = 0.84,), = Fig. 8B while
strut thickness (p = 0.82), width (p = 0.26), inner fillet (p= 0.13), outer fillet (p=0.12),
fillet and apex (p= 0.34) did not have statistically significant effects on the Abrasion Ratio
(AR). Stent’s torsional stiffness also did not affect abrasion under compression (o = 0.25),
but there was a positive (although not statistically significant, p= 0.10) trend with the stent’s
bending stiffness (r= 0.66).

Abrasion under cyclic bending exhibited positive correlation with the compressive stiffness
of the stent (r= 0.9, p< 0.01, RZ = 0.8, Fig. 8C), while the effects of strut thickness
(p=0.71), width (p=0.25), inner fillet (v = 0.14), outer fillet (o = 0.15), fillet and

Acta Biomater. Author manuscript; available in PMC 2023 January 03.
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apex (p = 0.37) were not significant. Stents with more apexes produced greater abrasion
during bending (r=0.7), but this result was not statistically significant (o= 0.07). Stent’s
bending stiffness also did not affect abrasion under bending (p = 0.23), but torsional stiffness
appeared to have a somewhat positive, although not statistically significant, effect (r= 0.7, p
= 0.06).

Abrasion under torsion was not significantly influenced by any of the stent profile (r=
-0.32 to —0.45, and p = 0.32-0.99) or device stiffness (r= 0.17-0.71 and p= 0.07-0.71)
characteristics, although there was a positive trend with the compressive stent stiffness (r=
0.71) that did not reach statistical significance (o= 0.07).

4. Discussion

PAD stents are metal tubes implanted into delicate arteries, interacting with them daily

with each limb movement. Significant efforts are put into understanding this interaction by
quantifying stresses, deformations, and flow [3, 6, 8], but no attention has yet been given to
abrasion resulting from this interplay. In this study, we have developed a method to assess
PAD stent abrasiveness using synthetic artery-mimicking nanofibrillar tubes and compared
the performance of 7 commercial devices over five life-years of severe limb flexions. Our
data demonstrate (Fig. 9) that of all analyzed stents, Misago could withstand deformations
without fractures and had the lowest cumulative ADS of 3. Clinically, Misago has one of
the highest 12-month primary patency rates (88%, Table 1) reported by a large 744-patient
MISAGO-2 study [25]. In bench-top testing, Misago demonstrated the smallest compression
and bending stiffness of all 7 devices, and had the second smallest number of apexes —

the characteristics that likely contributed to less abrasion. Innova also produced minimum
abrasion during compression and torsion but caused significant damage during bending
because of its fractured struts (ADS 7). Clinically, Innova had an 86% primary patency rate
at 12 months [27] and a 2% fracture rate. Supera had the third-lowest cumulative ADS of

8, but the lowest AR of all stents under compression and bending, possibly because it was
the only stent that was not oversized. Under torsion, however, Supera fractured, and its wires
penetrated the tube. Clinically, Supera fractures are rare [33], but have been reported [34,
35], which points to the limitation of applying the same displacement-controlled boundary
conditions to all stents. The /n vivo loading environment likely includes a combination

of force-controlled (pressure from the surrounding tissues and muscles) and displacement-
controlled (pulling of side branches and flexion at the joint) conditions, although the exact
contribution of each is currently unknown. A human cadaver model that evaluated the effects
of stents on limb flexion-induced deformations [3] reported a 47% restriction of twist in

the stented segment for the Supera stent and a 59% exacerbation of twist distal to the stent.
Nevertheless, we have applied the same loading conditions to all stents because the amount
of restriction/exacerbation observed in cadavers was device-specific and not measured for
all stents evaluated in the current study. This is a clear limitation that should be addressed
with future research. Despite this experimental shortcoming, the abrasion data for Supera
are in good agreement with its clinical performance [33] and the reported 12-month primary
patency of 68—-88% (average 81%).

Acta Biomater. Author manuscript; available in PMC 2023 January 03.
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The remaining four stents caused significant abrasion under more than one deformation
mode. AbsolutePro wore through the tube under compression and tore the fabric during
bending, resulting in a cumulative ADS of 12. The 12-month primary patency of
AbsolutePro is 80% [26]. The abrasion performance of the Zilver was similar, with the
second-lowest AR under torsion (despite the broken struts that did not tear through the
tube), but worse performance under compression and bending, which produced acumulative
ADS of 15. Clinically, the bare-metal Zilver has a 73% primary patency rate at 12 months
[28], and the paclitaxel-coated Zilver PTX has a 75% patency [36]. The two stents that
caused the most abrasion were SmartControl and SmartFlex, scoring 20 and 21 on an
ADS, respectively. These stents demonstrated the most fractured struts and tore through
the tube under all three deformations. The patency rate of the SmartControl ranges from
46% [29] to 71% [30] (average 62%), and SmartFlex 12-month primary assisted patency

is 83% [31]. While the unassisted patency of SmartFlex was not specified, another study
[32] reported a 62% freedom from target lesion revascularization (TLR) at 12 months
despite the assisted primary patency of 92%. In a cadaver model [3], SmartControl and
SmartFlex stents significantly influenced natural limb flexion-induced deformations, and
in bench-top tests [6], they had higher stiffness compared to other devices. SmartControl
and SmartFlex also had the largest number of apexes, and this design feature, along with
the high compression and bending stiffness of these devices, likely contributed to more
severe abrasion. These data suggest that the inability of the stent to accommodate limb
flexion-induced deformations may result in significant interaction with the artery wall,
which may produce greater abrasion and potentially lead to the loss of patency. Spearman
correlation between AD and the 12-month primary patency rates reported in Table 1 were
-0.64 (p=0.14), but when using the TLR rate of 62% for the SmartFlex instead of its 83%
primary assisted patency (loss of patency is often the main reason for TLR), the correlation
becomes -0.99 (p < 0.01). Despite the strong correlation, it should be interpreted with care
because clinical data are significantly influenced by patient selection, demographics, lesion
characteristics, calcification, stent overlap, and other parameters that affect patency. Large
variation in results for the same devices suggests that a meta-analysis controlling for these
conditions is warranted to perform a proper comparison, and perhaps it can be informed by
the presented data on stent abrasiveness.

Abrasion damage appears particularly relevant in light of recent clinical data from
paclitaxel-loaded PAD stents. Patients treated with a polymer-coated Eluvia had a prolonged
release of paclitaxel and a 13% loss of primary patency at 12 months, which is not much
better than the 86% primary patency of its non-drug-coated Innova [27] platform. But 8%
of the Eluvia-treated arteries also developed aneurysms that were attributed to the drug [37],
transforming patients in stable condition into those requiring closer surveillance for possible
higher thrombotic and bleeding risks. While the mechanism of how paclitaxel promotes the
development of aneurysms has not been identified [37, 38], our current analysis suggests
that it could be related to the mechanical abrasion that fails to heal under the prolonged
suppressive effects of the drug. Paclitaxel is an inhibitor of the vascular smooth muscle

cell and fibroblast proliferation, migration, and secretion of the extracellular matrix, which
are all hallmarks of tissue damage repair. Large animal studies [39] have demonstrated that
slow paclitaxel release of the Eluvia stent (> 300 days) produced a greater propensity to
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aneurysmal degeneration compared with the rapid (< 60 days) drug release by the Zilver
PTX.

While our study presents the first attempt to evaluate the abrasiveness of lower extremity
stents, points to the importance of minimizing abrasive interaction between the stent and
the artery wall during limb movement-induced deformations, and suggests that the reported
results agree well with clinical evidence of arterial patency, we need to stress its limitations.
First, while bench-top tests provide precise control of the loading conditions, they do not
fully recapitulate the complexity of the /n vivo environment with its combined mix-mode
loading, pressurization, biological repair mechanisms, and other factors that are difficult

to simulate /n vitro. The mixture of force-controlled and displacement-controlled loading
conditions that stem from the influence of the surrounding tissues, side branches, and
flexion at the joint is particularly complex. The displacement-controlled conditions appear
to be dominant in axial compression and bending, while torsion may be more affected

by muscle interactions rather than the geometric effects of the joint. Because of the lack

of force-controlled data, our experiments were purely displacement-controlled, and this
likely resulted in harsher loading conditions for some stents, such as Supera. Similarly

to displacement-controlled tests, force-controlled experiments have their own limitations.
For example, the loss of structural integrity due to strut fracture may result in greater
deformations when the same forces continue to be applied during the test, producing
inconsistent loading rates and potentially unrealistically high deformations. Perhaps a
displacement-controlled test with device-specific amplitudes would be a better alternative,
but future studies are needed to determine these conditions for different stents. This will
also be challenging for the new device prototypes that have not yet been implanted into an
anatomically accurate environment to assess their effects on natural limb movement-induced
deformations.

Second, we have used one stent for each test because cyclic loading experiments are lengthy,
expensive, and have high rates of device failure. Studies with a larger number of stents are
warranted, even though commercial devices pass rigorous quality checks which minimize
the expected variability. Importantly, we also evaluated only one stent length (4cm) because
it was the maximum allowed by our testing equipment to support 25% axial compression.
Longer stents may produce different abrasion and require additional external support to
avoid buckling during the test. To minimize the influence of stent length on the results, our
AR metric normalized the abraded area to the non-abraded area.

Third, while our nanofibrillar tubes mimicked the mechanical properties of human FPAs,
they did not have plaques that may affect stent behavior. Atherosclerotic plaques are
heterogeneous, and the construction of such models requires comprehensive parametric
assessments that will be the focus of future studies.

Fourth, we applied harsh loading conditions to stents. These deformations were equivalent
to five life-years of severe limb flexions and evaluated the worst-case loading scenario.
Furthermore, the displacement-based loading conditions were based on non-stented arteries,
which in general are more severe than those of the stented vessels [3]. Additional studies are
needed to assess the influence of load range and the number of cycles on abrasive damage.
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Subjecting stents to the worst-case deformations sets a high bar for their performance.

Prior studies have reported lower values of limb flexion-induced deformations [40-44]
when averaged over longer arterial segments, and a detailed discussion of the differences

in the measurement techniques is provided elsewhere [9, 45]. Importantly, the presented
methodology of assessing stent abrasiveness can be used with milder loading, such as that
occurring during walking or stair climbing. Device evaluation at different cycle counts
would also be interesting as it would demonstrate the effect of isolated early fractures on
abrasion. Because abrasion is a function of stent design, material, surface finish, and other
parameters, not all fractures are likely to result in severe abrasion, and likewise, the absence
of strut fractures may not necessarily mean less abrasion.

Fifth, we have sized stents according to their manufacturer recommendations, but this may
not always be the case clinically. In a pilot study, we investigated the effect of stent under-
and oversizing, and while we did not have all devices in all diameters subjected to all
deformation modes, our results suggest that the trends across stents generally remained
similar, with Misago, Innova, and Supera producing less abrasion than other devices. We
have also observed worse abrasion with larger oversizing, likely due to more interaction
between the stent and the tube, but future studies should evaluate these effects in greater
detail.

Sixth, we have not investigated friction between the stent and the tube, although it is likely
different than between the stent and the artery in either dry or wet conditions. Frictional
characteristics of arteries are poorly understood [46] due to the difficulty of experimental
measurements and the influence of patient characteristics. Stent friction depends on specific
design and surface finish and is also not trivial to assess. But regardless of friction, a
qualitative comparison of abrasion pattern and severity between a human FPA and our
nanofibrous tube (Fig. 1C and D) suggests that the tube provides a reasonable approximation
of abrasion occurring in arteries. Additional validation comparing abrasion in native arteries
and nanofibrillar tubes under all modes of deformation is warranted.

Lastly, though we have only assessed seven stent designs, the proposed methodology can in
the future be used to compare any number of peripheral stents, possibly making the AR and
ADS metrics standard for device manufacturers.
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Statement of significance

Poor outcomes of peripheral arterial disease stenting are related to the inability of stents
to accommodate the complex biomechanics of the flexed lower limb. Abrasion damage
caused by rubbing of the stent against the artery wall during limb movement plays

a significant role in reconstruction failure but has not been characterized. Our study
presents the first attempt at assessing peripheral stent abrasiveness, and the proposed
method is applied to compare the abrasion damage caused by Misago, AbsolutePro,
Innova, Zilver, SmartControl, SmartFlex, and Supera peripheral stents using artery-
mimicking synthetic tubes and cyclic deformations equivalent to five life-years of severe
limb flexions. The abrasion damage caused by stents strongly correlates with their
clinical 12-month primary patency and target lesion revascularization rates, and the
described methodology can be used as a cost-effective and controlled way of assessing
stent performance, which can guide device selection and development.
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Fig. 1.

(Ag Human FPA with a deployed Smart Control stent, and (B) fractured stent that (C)
penetrated the arterial wall after cyclic loading. Our nanofibrillar tube with the same stent
design was able to reproduce the same results (D,E) but allowed the quantification of
abrasion by analyzing the imprint of the stent on the tube wall (D).
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Supera

Fig. 2.
Seven stent designs evaluated using scanning electron microscopy and demonstrating design

features such as apexes and bridges that may contribute to abrasion. The red scale bar is 500
pum, and the blue scale bar is 2 mm.
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Fig. 3.
(A) Nanofibrous 6mm-diameter tube with a 7 mm Misago stent. Custom-made fixtures to

subject the stents to (B) axial compression, (C) bending, and (D) torsion deformations.

Acta Biomater. Author manuscript; available in PMC 2023 January 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Keiser et al.

Misago

Page 18

Absolute Pro Innova Zilver Smart Flex Supera

Fig. 4.
Imprints of the non-abraded (top) and abraded (bottom) nanofibrillar tubes by each of the
stent designs. The blue scale bar is 2 mm.
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Misago  Absolute Pro Innova Zilver ~ Smart Control Smart Flex  Supera

Fig. 5.

Stent abrasion under cyclic axial compression. The top row demonstrates stent imprints, and
the images below represent the abrasion areas at different scales, from um to mm. The red
and blue scale bars are 500 pm and 2 mm, respectively.
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Misago  Absolute Pro Innova Zilver  Smart Control Smart Flex  Supera

Fig. 6.
Stent abrasion under cyclic bending. The red and blue scale bars are 500 um and 2 mm,
respectively.
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Fig. 7.

Stent abrasion under cyclic torsion. The red and blue scale bars are 500 um and 2 mm,

respectively.
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Fig. 8.
Significant correlations between the Abrasion Ratio (AR) and stent design characteristics.
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Cumulative ADS and 12-month loss of primary patency (see Table 1).
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