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ABSTRACT

ARTICLE HISTORY

Introduction: An ultra-thin, fracture-resistant and bioresorbable stent may be advantageous for
provisional stenting in vessel bifurcations, if catheter passage and side-branch post-dilatation is
facilitated to prevent a ‘stent jail’ by struts obstructing the orifice of a major side branch.
Material and methods: We studied a highly radiopaque, slowly bioresorbable zinc alloy stent
characterized by a novel design of a radiopaque-marked region of ultra-thin struts in the center
of the stent. The stent is characterized by an extended range flexibility and high fracture resist-
ance. Zn-stents and Zn-drug eluting stents (DES) were implanted opposite to rigid Nitinol stents
into both femoral artery bifurcations of 21 juvenile pigs, followed for one and three months and
studied by angiography and histomorphometry.

Results and conclusion: Bare Zn-stents with thinner stent struts showed less neointimal hyper-
plasia compared to Zn-stents with thicker struts. Neointimal formation was further reduced by
12% in Zn-alloy DES. Both, bare Zn-stents and Zn-DES, can be precisely positioned into the fem-
oral artery bifurcation, allowing easy balloon catheter passage through the very thin strut mesh.
Side branch orifices remained open after Zn-stent deployment without stent jailing. No stent
fractures or particles emboli occurred after the deployment. A Zn-stent with ultra-thin center
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struts may be useful for provisional stenting in vessel bifurcations.

Introduction

It has been previously shown that the biocompatibility
of vascular stents depends on the mesh thickness of
each individual stent strut [1]. A thick stent strut
causes more neointimal hyperplasia, i.e., vessel lumen
narrowing than a thin strut [1]. Stent fractures and
collapse causing lumen occlusions by vessel throm-
bosis or stenosis can occur if the struts are too brittle,
too thick or are made from polymers with low mech-
anical stability such as poly-L-lactic acid (PLLA)
[2-4]. Vessel segments containing large side branches
(bifurcations) and small vessels are contraindicated
for the use of otherwise FDA-approved bioresorbable
stents made from PLLA [5]. Stent struts can cause

side branch occlusion after stent placement in the
main vessel [6]. A so called ‘stent-jail’ severely
obstructing the orifice of the side branch after provi-
sional stenting of the main vessel branch is a serious
problem of percutaneous interventions applying stents
in arterial bifurcations [6]. In femoral artery bifurca-
tions, therefore, open vascular surgery is still the
treatment of choice for arteriosclerotic lesions and
stent interventions are rarely performed [7,8]. The
stent-jail is a well characterized entity of lumen nar-
rowing or stenosis of the side branch orifice by stent
struts complicating a catheter passage through the
stent mesh in order to repair the vascular damage
and prevent causing side branch occlusions [6].
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We studied a novel bioresorbable zinc (Zn) alloy
stent characterised by a high elongation-to-fracture
rate, flexibility and mechanical stability designed with
ultra-thin center struts to ease catheter access to the
major side branch and to prevent ‘stent-jail’ of the
major side branch. Ultra-thin center struts placed at
the orifice of the large side branch may allow easier
catheter passage, may facilitate post-dilatation and
improving re-opening of side branch orifices after
provisional ~ stenting of the main  branch.
Bioresorbable Zn stent struts can degrade slowly and
generally disappear within a period of 12-24 months
after stent implantation [9], which preserves stent
integrity for proper vessel scaffolding. The primary
study hypothesis was to investigate the outcome of
single ‘provisional’ stenting of the main branch of the
femoral artery bifurcation applying a novel fracture-
resistant bioresorbable stent featuring reduced sizes of
its center struts with the aim to keep the major side
branch orifice of the bifurcation open. A porcine
common femoral artery bifurcation model was used
to test this hypothesis.

Material and methods
Stent manufacture

Zinc alloy was prepared and a stent was manufac-
tured as described previously [9]. Zn-alloy stents
(length 20 mm) for femoral artery use expandable to
an outer diameter of 6 mm were produced as open-
cell stents at a length of 20 mm. In the first stent
design (D1), a strut thickness of 229 um of rectangu-
lar struts was produced which transformed into a
strut thickness reduced by 25% in the stent center
(ultra-thin design, 172 um). The ultra-thin strut area
in the stent center was designated with two radi-
opaque platinum markers (Figure 1). The second
design (D2) was characterized by a strut thickness of

167um and a further 25% reduction of the strut
thickness in the stent center (ultra-thin design,
125 um). The third design (D3) was characterized by
rectangular 176 um thick struts coated with a PLLA
layer eluting sirolimus at a dose of 2.1 ug/mm?2 stent
surface area. The stent delivery balloon system was
equipped with a radiopaque marker at its distal end
in order to precisely steer the ultra-thin strut region
facing the sidebranch orifice (Figure 1). As control
stents, commercial available self-expanding Nitinol
stents (length 20 mm, expanded diameter 6 mm,
215um strut thickness) were used and implanted in
the contralateral porcine femoral bifurcation accord-
ing to the manufacturer instructions.

Bench tests

A silicone tube model (bifurcating polymer tubing of
6 mm diameter) mimicking the femoral artery bifurca-
tion was developed (Figure 2(A)). A balloon expand-
able Zn alloy stent with ultra-thin center struts was
implanted into one branch of the tubing of the bifur-
cation of the two branches such that the ultra-thin
struts of the stent center are facing the orifice of one
branch of the silicone tubing. After stent deployment,
another balloon catheter was passed through the
ultra-thin strut mesh into the side branch for post-
dilation of the ultra-thin zinc alloy struts (Figure
2(B)). A post-dilatation balloon catheter was removed
after optimization of the access to the side branch
after a balloon dilatation leaving a wide open side
branch orifice behind (Figure 2(C)).

Animal model

Animal experiments were performed according to the
standard of care outlined in the ARRIVE guidelines of
animal research [10] and were approved by the federal
animal  care

ethics  committee  (#35-9.185.81).

Figure 1. A zinc-stent crimped onto a stent delivery balloon. Circles indicate the radiopaque positioning markers of the ultra-thin
strut region. The rectangular bar indicates the area of ultra-thin strut size.The flat bar indicates the radiopaque positioning marker

of the distal balloon tip
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Figure 2. ‘Ex vivo’ silicon tube bifurcation model (A). (B) shows a zinc-stent after implantation into one tube with the stent center
facing the orifice of the other tube. (C) indicates the result after balloon dilatation though the mesh of the ultra-thin center struts
to further open the sidebranch orifice and prevent side branch stent jail in the model. The marker represents 5 mm.

Experiments were performed on juvenile domestic swine
(36 +4kg bodyweight) of equal sex distribution. All ani-
mals received ASS and clopidogrel one day prior
to stent implantation and until termination. Pre-inter-
ventional swine were fasted 12h and medicated with
0.5mg kg~' midazolam and 20mg kg ' ketamine
hydrochloride i.m. General anaesthesia was induced with
i.v. administration of 2-4mg kg ' propofol and main-
tained by inhalation of 1.5-2.5% isoflurane and injection
of 4pg kg ' h™! fentanyl citrate. Muscle relaxation was
obtained by administration 0.2mg kg ' h™' vecuro-
nium. After tracheal intubation, the lungs were venti-
lated in the volume-controlled mode at a PEEP of 8 cm
H,O. Inspired oxygen fraction (FIO,) was maintained at
a rate of 0.3. Respiratory rate and tidal volume were
adjusted to keep end-expiratory CO, physiological.
Ringer’s solution was infused at 10ml kg~ h™'. The
carotid artery was accessed by surgical cut-down. Before
catheterizing the arterial system, heparin (10.000IU) was
administered to maintain activated clotting time >250s.
A total 21 of swine received endovascular provisional
stenting of the main branch of the common femoral
artery bifurcation. A standard rigid, self-expanding vas-
cular Nitinol stent (final diameter 6 mm) was implanted
as a control into the contralateral femoral artery bifurca-
tion. Follow-up angiography and histopathology were

performed after one month (n=14) and three

months (n=7).

Histomorphometry

Stented arterial samples were dehydrated in acetone and
embedded in hydroxyethyl-methacrylate (Technovit
8100, Kulzer, Hanau, Germany). After polymerization,
the stents were cut using a rotary diamond saw (Leica
SP 1600, Leica Biosystems, Nussloch, Germany) into
300 um-thick cross-sections and ground and polished
into 40-60 pm-thick sections using a disc sander (Exakt
400CS, EXAKT Advanced Technologies, Norderstedst,
Germany). Side branch opening diameter and percentage
of strut stent jailing was measured independently by two
histopathologists with the use of Image] software. An
idealized circular line was used to follow the cross-sec-
tional course of stent struts and record struts located in
the side branch orifice. The free orifice was determined
as follows: free orifice (in mm) = side branch orifice
(mm) — sum of struts (mm). Side branch obstruction
caused by struts was calculated as follows: stent jailing
(in %) = 100 x sum of all strut lengths (in mm)/side
branch orifice (in mm). Arterial cross-sections were ana-
lysed regarding neointimal formation, including meas-
urement of neointimal area (mm?), neointimal thickness
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(um) and external elastic lamina area (mm?) by the
method of Murphy and Schwartz [11].

Statistics

Statistical analysis was performed with SigmaPlot 14.0
and graphic data representations were generated by
Microsoft Excel. Significance for the comparison of
multiple groups were analyzed by a multivariate
ANOVA with a following pairwise comparison using
Kruskal Wallis One Way Variance Analysis.
Significance levels were illustrated as follows: *p<.05;
*p<.01; **F*p<.005.

Results
Bench tests in a silicone bifurcation model

The bench test of stent deployment in a silicon tube
bifurcation model showed simple positioning and
deployment of the stent with its ultrathin-strut region
in the stent center facing the orifice of the side
branch. Stent expansion of the ultra-thin center
region did not cause any stent strut breakage or
cracks and fissure in the stent surface. The tests were
specifically designed to investigate mechanical stability
after stent deployment.

Animal welfare at follow-up

All studied pigs were without signs of any physical
disability throughout the study periods of four weeks
and 12 weeks. The pigs were able to walk immediately
after the procedure of femoral bifurcation stenting
and waking up from anesthesia. No clinical signs of
stent occlusion by thrombosis or signs of stent par-
ticle embolization into the legs of the pigs were noted
during the follow-up of one and three months.

Angiographic results of stenting the femoral
artery bifurcation of pigs

Angiographic signs of a stent jail of the side branch
orifice were noted in the follow-up of 2 out of 21
bifurcations stented with a self-expanding Nitinol
stent (control) and in none of the 21 bifurcations
stented with Zn alloy stents (bare or drug coated)
designed with ultrathin center struts (Figure 3(A,B)).

Histomorphometry of stented femoral arteries

Zn-stents with a smaller strut thickness showed less cross-
sectional neointimal formation reduced by 32% compared

Figure 3. Post-interventional angiography displaying the acute
implantation result of a Nitinol stent (left femoral artery, right
side of X-ray image) and zinc stent featuring ultrathin center
struts (right femoral artery, left side of X-ray image) (A) and at
the 12-week follow up investigation (B). The arrow indicates
the side branch jailing of the Nitinol stent (B) after 12 weeks.
The marker represents 5 mm.

with stents of thicker strut thickness (9.9+0.5 vs.
14.5+ 1.1 mm?, p <.05), which was further reduced by
12% applying an anti-proliferative drug coating (8.7 + 1.2
vs. 9.9+ 0.5mm’ p < .05). Self-expanding Nitinol control
stents induced significantly more vessel expansion in
juvenile pig femoral arteries than balloon-expandable Zn
alloy stents and created comparatively small amounts of
cross-sectional neointimal formation (Table 1).

Struts of Zn alloy were mainly located in the periph-
ery of the side branch ostium and were at this region
covered with endothelium (Figure 4(A,C)), whereas
Nitinol struts pervaded and covered the side branch ori-
fice, caused stent jailing and were not endothelialized
(Figure 4(B,D)). In the four-week follow-up study,
Nitinol stents showed a stent jail rate of 21% + 7.3 in
comparison to Zn alloy with 17.3% + 32 (D2, n=6)
and 14.2% + 4.8 (D3, n=4). We did not detect signifi-
cant differences in side branch stent jailing between the
study groups at the four-week follow-up period.
However, after 12 weeks Nitinol stents (n=7) showed a
significant higher stent jail rate (38.9% + 4.1) than Zn
alloy (4.8% + 4.8, D2, n=4), (Table 2).

Discussion

Although peripheral arterial diseases (PAD) are devel-
oping into an expanding field for endovascular
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Table 1. Cross-sectional neointimal areas assessed by histomorphometry of bare Zn stents designed
with thick struts (D1), with thin-struts (D2) and thin struts coated with an anti-proliferative drug coating
(D3) and Nitinol stents.

D1 D2 D3 Nitinol
Neointimal area (mm?) 14.41+1.10 9.88 + 0.48* 8.68 + 1.20* 6.13+0.56*
Neointimal thickness (um) 1207.3+£70.0 854.8+70.9*% 664.6 +41.3* 403.5+19.0*
Vessel area (EEL) (mm?) 28.48+1.25 24.47 £0.32* 33.47 +4.60* 36.6 +0.82*

All investigated zinc alloy stent groups featured the ultra-thin center struts design and were implanted with a stent delivery
balloon directing the ultra-thin strut area towards the side branch orifice. Nitinol control stents with standard strut thick-
nesses were implanted into the contralateral femoral artery bifurcation. * indicates a significant difference compared to the
first-generation zinc alloy stents (p <.05).

Figure 4. Histopathological cross-sections of pig arteries four weeks after implantation of a drug eluting coated zinc alloy of a
thicker strut design (176 um) D3 (A) and a standard Nitinol control stent (B) in the femoral artery bifurcation at the orifice of the
sidebranch (indicated by *). C shows a cross section 12weeks after implantation of a bare zinc alloy stent in comparison to a
Nitinol stent after the same time (D). The scale bar represents 1 mm. The struts of the control stent cover the orifice of the side-
branch indicating a so called ‘stent jail'.

interventions using bioresorbable stents [12], bifurca- lesions, e.g., in vessels of diameters of 2-4mm
tion stenting in PAD is rare. More clinical experience  [13-17]. Stenting of the main arterial branch and bal-
with bifurcation stenting exists in coronary artery loon dilatation only of the side branch (so-called
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Table 2. Histomorphometric measurements of sidebranch opening after provisional stenting.

D2 (4 weeks) D3 (4 weeks) Nitinol (4 weeks) D2 (12 weeks) Nitinol (12 weeks)
Free side branch orifice (mm) 27+03 26+0.2 2.6+0.2 1.8 +0.3*%* 24+0.2
Side branch stent jailing (%) 17.3+3.2 142+48 21.0+73 4.8 +4.8%F* 389+4.1

Orifice jailing and free orifice of the side branch was measured on at least 4 different pig arteries. *** indicates p <.001 vs. Nitinol 12 weeks.

‘provisional stenting’) is an accepted method of cath-
eter-based endovascular treatment of bifurcation
lesions [16]. However, 9ailing’ a major side branch
with a stent by occluding the side branch with its
stent struts can jeopardize vessel patency by side
branch occlusion and subsequent infarction [17]. In
diabetic patients, in eccentric lesions, and small ves-
sels, PLLA (Absorb) or Mg (Magmaris) stents should
be used with cautions [18-21]. Moreover, time con-
suming lesion preparation with multiple balloon dila-
tations and extensive post-interventional endovascular
imaging for proper stent apposition are considered a
disadvantage for the clinical use of bioresorbable
stents of low mechanical stability such PLLA or Mg-
stents [22].

In addition, bioresorbable stents made from PLLA
(Absorb) or Magnesium (Magmaris) are contraindi-
cated for use in bifurcation lesions, because their clin-
ical performance and outcomes in this region was not
satisfying [5,23].

Multiple dilatations of a stent using a balloon to
optimize stent results (post-dilatation) can cause stent
fractures. Even in conventional, non-degradable stents
made from cobalt chromium, stent fracture rates
occur in 3-7% of all cases and lead to serious side
effects [24,25]. In some bioresorbable stents such as
Mg-stents, stent fracture and collapse occur particu-
larly after post-dilatation [26].

The hypothesis of this work was to test whether a
novel bioresorbable metallic stent with ultra-thin cen-
ter struts (25% reduction of strut thickness vs. prox-
imal and distal stent ends) helps to prevent a stent
jail of the major side branch after implantation in a
bifurcation lesion.

The specific Zn-alloy used in this study has a
unique material advantage of high flexibility and frac-
ture resistance versus pure zinc and non-degradable
stent materials such as cobalt chromium or Nitinol
stents. Especially, if balloon dilatation through the
stent strut mesh is necessary to treat vessel side
branches ultra-thin, fracture-resistant struts may be
advantageous. Furthermore, non-degradable Nitinol is
a memory-shaped material, which tends to resume its
initial shape after being post-dilated with a balloon.
We previously described the high fracture resistance
of the alloy material even at high mechanical forces
which makes it a better candidate than pure zinc for

designing reduced strut thicknesses to ease catheter
access to side branch orifices and to prevent stent jail.

Zn stents have been recently discovered as
potential candidates for the production of biore-
sorbable stents because of their favorable degrad-
ation pattern [27]. We have previously
demonstrated that zinc-alloyed with minimal
amounts of silver (Ag) contributes to its high
mechanical stability and unique fracture resistance
and improves the mechanical characteristics of
pure zinc material [9]. Zinc stents are characterized
by a fairly slow degradation pattern and equal bio-
compatibility compared with PLLA or Magnesium
stent materials [9]. The Zn-stent bioresorption
occurs much slower than that of clinically used
Mg-alloy stents and is slightly faster than that of
PLLA stent materials ranging from 12 to 24 months
[9,28]. After a period of 6-12 months, Zn-stents are
resorbed by 20-30% within the vessel wall but are
already completely endothelialized after one
month [9,28].

In this study, we demonstrate that Zn alloy stents
with flexible, ultra-thin center struts can be expanded
with a standard stent delivery balloon without induc-
ing stent strut fractures. Moreover, ultrathin stent
struts can be post-dilated with ease optimizing endo-
vascular treatment of the side branch orifice. The
observed favorable results are due to the fact that the
tested Zn alloy stent material is characterized by a
high elongation-to-fracture rate which prevented stent
surface cracks and fissures or strut breakage in this
study. No embolization of any stent particles was
noted. We corroborated earlier clinical data that a
stent design with thicker stent struts leads to more
neointimal formation, and that a thin stent strut
design should be preferred if stent performance and
mechanical stability are unaltered. In addition, we
demonstrate advantages for a Zn-alloy stent coated
with a sirolimus eluting PLLA layer (Zn-DES) by
reducing post-interventional neointimal formation in
the vessel.
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