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Abstract

Objective To investigate the safety and efficacy of a
Polyzene-F nanocoat on new low-profile self-expandable
nitinol stents in minipig renal arteries.

Materials and Methods Ten bare nitinol stents (BNS) and
10 stents coated with a 50 nm-thin Polyzene-F coating
were randomly implanted into renal arteries of 10 minipigs
(4- and 12-week follow-up, 5 animals/group). Thrombog-
enicity, on-stent surface endothelialization, vessel wall
injury, late in-stent stenosis, and peristrut vessel wall
inflammation were determined by quantitative angiography
and postmortem histomorphometry.

Results In 6 of 10 BNS, >50% stenosis was found, but no
stenosis was found in stents with a nanothin Polyzene-F
coating. Histomorphometry showed a statistically significant
(p < 0.05) different average maximum luminal loss of
55.16% =+ 8.43% at 12 weeks in BNS versus 39.77% +
7.41% in stents with a nanothin Polyzene-F coating. Stents
with a nanothin Polyzene-F coating had a significantly
(»p < 0.05) lower inflammation score after 12 weeks,
1.31 & 1.17 versus 2.17 & 0.85 in BNS. The results for
vessel wall injury (0.6 £ 0.58 for Polyzene-F-coated stents;
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0.72 4+ 0.98 for BNS) and re-endothelialization, (1.16 4
0.43 and 1.23 + 0.54, respectively) were not statistically
significant at 12-week follow-up. No thrombus deposition
was observed on the stents at either follow-up time point.
Conclusion Nitinol stents with a nanothin Polyzene-F
coating successfully decreased in-stent stenosis and vessel
wall inflammation compared with BNS. Endothelialization
and vessel wall injury were found to be equal. These
studies warrant long-term pig studies (>120 days) because
12 weeks may not be sufficient time for complete healing;
thereafter, human studies may be warranted.

Keywords Interventional radiology - In-stent stenosis -
Intimal hyperplasia - Nitinol - Renal artery stents -
Polyzene-F

Introduction

The first published clinical experiences of renal artery
stenting presented high technical success and 38% reste-
nosis [1]. In-stent restenosis, occlusive overgrowth of ne-
ointimal tissue inside the stent, and worsening of renal
function remain major concerns of renal artery stenting. In
a meta-analysis of renal artery stenting studies, Leertouwer
et al. described an average restenosis rate of 17% [2].
Worsening of renal function after stent placement has been
reported as high as 5-18%, attributable to inadvertent
plaque or cholesterol embolization, renal artery thrombosis
during stent placement, or renal artery instrumentation in
general [3-6]. Much progress has been made with respect
to stent design, delivery systems, and implantation tech-
niques, including minimizing the required catheter size,
employing stent platforms, or applying embolic protection
devices [7-12].
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The nitinol stent platform, a nickel (49.5-51%)-and-
titanium-based thermoelastic alloy, achieved high accep-
tance for its shape-memory, marked crack-resistance
behavior, and decrease of late in-stent stenosis compared
with balloon-expandable stents in the superficial femoral
artery [13—18]. When self-expandable stent delivery sys-
tems are used, renal artery morphology does not allow for
easy passage across severe atherosclerotic lesions or pre-
cise stent implantation. To overcome this technical limi-
tation, a small (5F) caliber stent delivery system for nitinol
stents was designed and coated with a nanothin layer of
Polyzene-F. The latter has proven to be effective in both
decreasing early thrombogenicity and late in-stent stenosis
in various animal models and in various arterial locations
[19-24].

For the purpose of this study, a direct and side-by-side
comparison minipig model was used to evaluate the safety
and efficacy of a 5F-based nitinol stents with a nanothin
Polyzene-F surface treatment versus bare nitinol stents
(BNS). Primary study goals were to rule out thromboge-
nicity and in-stent stenosis. Secondary study goals were to
investigate vessel wall injury and inflammation and on-
stent surface endothelialization.

Materials and Methods
Stent and Polyzene-F Surface Treatment

Medical-grade nitinol stents were used, which had a length
of 20 mm, an expanded bench diameter of 5.5 mm, and
provided 10% to 20% renal artery overdilatation (Optimed;
Karlsruhe, Germany). Stents had a sinusoidal design with
strut arrangements and interstrut spacing similar to the
previously tested balloon-expandable stents in several
animal models [20-24]. A strut thickness of 210 um was
chosen to provide adequate resistance to hoop-stress and
scaffolding forces. All stents were electropolished. To
characterize resistance to hoop stress, the manufacturer
compared the system with three other current self-
expanding stent systems targeted at the same vascular
dimension. The nanothin Polyzene-F surface-treatment
technology has been previously described [20, 21]. In brief,
the nanothin Polyzene-F surface treatment used in this
study is ultrapure and has a molecular weight in excess of
1025 x 10° g/mol. Bare metal nitinol stents were cleaned
with acetone in an ultrasonic bath, dried, and subsequently
exposed to a plasma-activation procedure. To ensure sur-
face adhesion of Polyzene-F, the stents were covered by an
adhesion promoter. Dip coating and subsequent solvent
evaporation cycles were performed to achieve a 50-nm
coating. High-resolution optical microscopy was then used
to evaluate the presence of surface-coating defects on the
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nitinol stents. Two stents with a nanothin Polyzene-F
coating were inspected with scanning electron microscopy
(SEM) to confirm that stent surfaces were even and
smooth; coating thickness was analyzed by ellipsometry
and infrared spectroscopy; and the purity of the coating
was confirmed by X-ray photoelectron spectroscopy.
Before implantation, stents were assembled on the
deployment system and ethylene-oxide sterilized (Opti-
med; Karlsruhe, Germany).

Animal Experiments

The study was designed and performed according to the
guidelines and recommendations of the American Society
of Laboratory Animal Practitioners [25]. Ten female
Goettingen minipigs (Ellegard Minipigs Aps; Dalmose,
Denmark), approximately 12 months old with a body
weight from 17 to 22 kg, were used because previous
animal experiments have shown swine in this size class
have renal artery diameters of 4.5-5 mm [22]. Swine were
divided into two groups: a 4-week postimplantation group
and a 12-week postimplantation group. Stent implantation
was performed by one investigator, who blinded to the type
of the stent, and stents with a nanothin Polyzene-F coating
and BNS were randomly assigned to either the right or left
renal artery. For anaesthesia, the swine initially received an
intramuscular injection consisting of ketamine 10 mg/kg
(Ketanest S; Parke-Davis, Karlsruhe, Germany), azaperon
10 mg/kg (Stresnil; Janssen- Cilag GmbH, Neuss, Ger-
many), and midazolam 1 mg/kg (Dormicum; Hoffmann-La
Roche AG, Grenzach-Wyhlen, Germany). Anesthesia was
then maintained by redosing of ketamine and midazolam as
needed.

After surgically exposing the right femoral artery, the
artery was punctured with a regular 3F puncture needle; a
10-cm 5F sheath was placed; and 2500 IU heparin were
injected through the sidearm of the sheath. An aortic flush
catheter was then introduced and advanced up to the
proximal abdominal aorta. High-resolution abdominal
angiography (Siemens Polystar Top; field of view 14 cm,
1024 x 1024 matrix) was performed. Right and left
selective renal arteriograms were then obtained using a 4F
selective angiographic catheter (Softouch Cobra 2 Curve;
MeritMedical, South Jordan, UT). The stent delivery sys-
tems were advanced to the renal artery target site across a
0.020-inch gold-tipped guidewire. After stent deployment,
the catheter was exchanged, and control angiography per-
formed. The femoral artery was then sutured with Prolene
7.0 (Ethicon; Johnson & Johnson, New Brunswick, NJ) and
the wound closed by applying routine surgical technique.
No further anticoagulation or antiplatelet medication was
administered throughout the follow-up intervals. Thus, the
probability was increased for onset of early or late
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thrombosis during evaluation of thrombogenicity, one of
the secondary study goals.

Quantitative Angiographic Analysis

Before stent harvesting, renal angiograms were performed
using the instrumentation described previously. However,
the contralateral inguinal area was chosen as vascular entry
site. Abdominal and renal angiograms were obtained
through an aortic flush catheter placed at the ostia of the
renal arteries. From the angiographic analysis, five quanti-
tative variables were determined. Average stent diameter
(STD) was determined using three in-stent angiographic
reference points: the proximal third, middle third, and distal
third of the stented area. In addition, the arterial segments
immediately proximal and distal to the stented region were
evaluated for possible arterial damage during stent deploy-
ment. The average luminal (in-stent) diameter (ALD) was
evaluated at the previously mentioned locations using con-
trast-filled high-resolution follow-up angiograms. Minimal
luminal diameter (MLD) was determined from the narrow-
est angiographic in-stent site at follow-up angiography. Late
loss (LL), as the angiographic surrogate of late in-stent
stenosis, was determined for each stent by subtracting ALD
from STD. The value was expressed as absolute LL. (mm)
and as percentage late loss (%LL) related to the STD.
Maximum late loss (MaxL) was calculated by subtracting
MLD from STD and was expressed as absolute MaxL. (mm)
and as percentage MaxL (%MaxL).

A catagoric definition of late in-stent stenosis was based
on the following dimensions: mild = maximum loss of
diameter 10-30%; moderate = maximum loss of diameter
30-50%; and critical = maximum loss of diameter >50%.
Angiographic presence of thrombus was presumed when a
focal filling defect was observed within the stented area or its
immediate adjacent vessel segments. The angiographic
evaluations and assessments were performed by two mem-
bers of the interventional team independently from the
operator.

Stent Harvest

After completion of aortography, the aortic flush catheter
was left in place with the side holes at the ostia of the renal
artery. The abdominal wall was carefully opened, and liga-
tion loops were placed around the aorta proximal and distal
to the renal arteries. The loops around the aorta were then
tightened, resulting in total aortic flow obstruction, at which
time the swine intravenously received a lethal dose of ket-
amine (Ketanest S; Parke-Davis, Karlsruhe, Germany). On
electrocardiogram indication of cardiac arrest, 1L saline was
administered through the aortic catheter to rinse the arterial
aortorenal compartment. In situ aortorenal pressure fixation

was established through infusion of 500 ml buffered 4%
formaldehyde at a pressure >100 mm Hg for at least 15 min
and provided a fixed vessel dimension corresponding to the
physiologic luminal character. Organs were surgically
removed en bloc and immersed in buffered 4% formalde-
hyde for at least 1 week. Methylmethacrylate embedding
(Technovit 9100; Heraeus, Kulzer GmbH & Co. KG,
Wehrheim/Ts, Germany) was used for the stented arterial
segments. The upstream and downstream portions of the
methylmethacrylate cast-embedded specimens were sepa-
rated with a diamond saw (Isomet; Buehler GmbH, Dues-
seldorf, Germany), and proximal, middle, and distal
segments were prepared from each specimen. Each speci-
men had an initial thickness of 150-200 um. They were then
ground and polished (Minimet 1000; Buehler GmbH,
Duesseldorf, Germany) to a final thickness of approximately
50 pm and stained with Toluidine blue. After staining, the
specimens were photographed and digitalized (Picture It!
7.0; Microsoft, Redmond, WA). Optimas image analysis
software version 6.0 (Optimas 6.0; Meyer Instruments,
Houston, TX) was used for histomorphometry.

Quantitative Microscopy

Quantitative histomorphometery included analysis of neo-
intimal height, stent strut injury score, and percentage
stenosis according to Schwartz [26] and analysis of
inflammation and endothelialization according to Kor-
nowski [27]. Luminal area was characterized as the area
circumscribed by the endothelial layer, the neointima as the
area between the lumen and the internal elastic lamina
(IEL), and the media as the area between the internal and
external elastic lamina. Furthermore, the % stenosis ([1 —

luminal area/IEL area] x 100) and the area of neointima
(area of IEL — luminal area) were calculated. Neointimal
thickness was determined by measuring the neointima
layer on top of each visible stent strut. The medial thick-
ness was determined as the medial layer measured behind
each visible stent strut. In addition, the medial thickness
was measured between stent struts. A standardized mea-
suring lens was used for determination of endothelializa-
tion, injury, and inflammation scores.

Vessel injury caused by the stent struts was evaluated
using the grade scale established by Schwartz [26]. In brief,
grade 0 is characterized as an intact internal elastic lamina,
denuded endothelium, and media compressed but not lac-
erated, and grade 3, the most severe, is characterized by a
lacerated external elastic lamina and large lacerations of
media extending through the external elastic lamina. An
average injury score per stent was calculated from all struts
of the proximal, middle, and distal segments.

Inflammation caused by the stent struts was character-
ized according to the Kornowski grading system [27]. In
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brief, grade O is characterized by the absence of inflam-
matory cells surrounding the stent struts, and grade 3, the
most severe, has circumferential dense lymphohistiocytic
cell infiltration of the stent strut circumference. An average
inflammation score per stent was calculated from all struts
of the proximal, middle, and distal segments.

An endothelialization score was determined using the
following grading system: grade 1 = continuous endothe-
lial cell layer, grade 2 = noncontinuous endothelial cell
layer, and grade 3 = no endothelial cells present on the
stent. Again, an average endothelialization score per stent
was calculated from all struts of the proximal, middle, and
distal segments.

For all the above-mentioned assessments and determi-
nations, a minimum of 5 and a maximum of 10 individual
sites per specimen were chosen around its circumference to
provide adequate quantification of the respective average
per specimen. These histological evaluations was performed
independently by two investigators with profound knowl-
edge of vascular pathology and blinded to the type of the
stent.

Statistical Analysis

Statview 5.0 (SAS; Chicago, IL) was used for descriptive
and comparative statistical analyses of angiographic and
microscopic measurement data. The nonparametric Wil-
coxon ranked ¢ test was applied for comparison of non-
normally distributed average neointimal heights, average
percentage stenosis, average ALD, average STD, average
%LL, and average %MaxL of stents with a nanothin
Polyzene-F coating and BNS. All results were presented as
means + SDs. Fisher’s exact test was applied for com-
parison of mild (<10%), moderate (<30%), and critical
(>50%) stenosis, and p < 0.05 was considered statistically
significant. These tests were recommended by the institu-
tional consulting program of our university.

Results
Hoop Stress Comparison Test

As determined by the stent manufacturer’s proprietary
measurement system, the stent used for the study had a
resistance to hoop stress of 87 mp/mm” before collapse.
The other three stent types examined for comparsion had
the following hoop-stress results: LifeStent (Bard) 98 mp/
mmz, Maris (Invatec) 71 mp/mmz, and Everflex-Protege
(ev3) 82 mp/mm?”. In contrast to the system tested for
the study, the other three systems were based on 6F
platforms.
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Opverall Procedural Success

No animals had to be withdrawn from the study because of
implantation complications, and stents were placed at all
target vasculature. Throughout respective follow-up inter-
vals, all animals presented with good health until they were
killed.

Thrombogenicity

No thrombus deposition was observed during angiography
on either the stent with a nanothin Polyzene-F coating, the
BNS, or adjacent arterial segments at the two follow-up
intervals. This corresponded with the aforementioned
uneventful clinical follow-up.

Quantitative Angiography and Histomorphometry

The quantitative angiography and histomorphometry
results for stents with a nanothin Polyzene-F coating and
for BNS are listed in Table 1. The diameter of the right
renal artery before intervention was 4.6 = 0.25 mm and
that of the left was 4.7 £ 0.29 mm (not statistically sig-
nificant). The diameters of the arteries after stent implan-
tation measured between 5.1 and 5.3 mm, representing a
desired overstretching of 10-20%. At 4 weeks after
implantation, two stents with a nanothin Polyzene-F coat-
ing had <10% angiographic stenosis; three stents showed
>30% stenosis; and no stent showed a critical stenosis. By
contrast, one BNS had >10% stenosis, two had >30%; and
two showed critical (binary) stenosis (>50%).

At 12 weeks, one stent with a nanothin Polyzene-F
coating showed <10% stenosis, and the four remaining
stents had <30% stenosis. In contrast, in the BNS group, one
stent had a moderate and the other four stents a critical
stenosis. This was statistically significant (p < 0.01). An
example of a 12-week critical stenosis in a left renal artery
after placement of a BNS is presented in Fig. 1, which shows
virtually no restenosis on the Polyzene-F-coated stent on the
right side.

Quantitative histomorphometry results were as follows:
At 4 weeks after implantation, stents with a nano-
thin Polyzene-F coating had an average ALD of
3.97 £+ 0.99 mm; an average STD 5.1 £ 0.16 mm, which
corresponded to an average %LL of 22.05% =+ 5.28%; and
an average %MaxL of 37.19% =+ 9.68%. These results are
statistically significant (p < 0.05) compared with BNS,
which had an average ALD of 3.28 &+ 0.16 mm; an aver-
age STD of 5.3 4+ 0.1 mm, which corresponded to an
average %LL of 39.06 £ 22.72%; and an average %MaxL
of 51.07% =+ 25.13%.

At 12 weeks after implantation, stents with a nanothin
Polyzene-F coating had an average ALD of 4.01 £
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Table 1 Quantitative angiographic analysis after 4 and 12 weeks after implantation®

4 weeks after implantation 12 weeks after implantation

Polyzene-F (n = 5) BNS (n = 5) P° Polyzene-F (n = 5) BNS (n = 5) PP
ALD (mm) 3.97 £ 0.99 3.28 £0.16 0.04 401 + 1.14 2.89 £ 0.82 0.04
STD (mm) 514 0.16 53 £0.15 0.04 55+ 133 51+ 1.15 0.04
LL (%) 22.05 £ 5.28 39.06 £ 22.72 0.04 28.89 £+ 6.76 45.64 £ 6.77 0.04
MaxL (%) 37.189 £ 9.68 51.07 £ 25.13 0.04 39.77 £ 7.41 55.16 &+ 8.43 0.04
Neointimal height (pm) 139.89 £+ 14.78 442.17 + 91047 0.89 64.41 £+ 78.73 492.86 + 201.64 0.04
Stenosis (%) 31.4 £ 20.53 39.03 £ 33.59 0.34 2321 £ 12.94 58.86 £ 14.97 0.04

ALD average luminal diameter, STD average stent diameter, LL average % late loss (STD-ALD), MaxL average maximum late loss (STD-
MLD), Stenosis average % (1-luminal area (mm?)/internal elastic lamina [mm])

* All values represent averages based on a minimum of 5 and a maximum of 10 individual measurements per specimen

® Calculated applying Wilcoxon signed rank test

Smm —

Fig. 1 Critical stenosis (>50% luminal loss, ALD = 0.23 mm)
demonstrated by quantitative angiography at 12 weeks in the left
renal artery after placement of BNS. There is no restenosis on the
coated stent shown on the right side (ALD = 0.48, % stenosis <10)

1.14 mm; an average STD of 5.5 & 1.3 mm, which cor-
responded to an average %LL of 28.89% =+ 6.76%; and an
average %MaxL of 39.77% =+ 7.41%. These results were
statistically significant (p < 0.05) compared with BNS
results. The average ALD of BNS was 2.89 + 0.8 mm; the
average STD was 5.06 & 1.15 mm, which corresponded to
an average %LL of 45.64% + 6.76%; and an average
9%MaxL of 55.16% =+ 8.43%. Analysis under light micros-
copy demonstrated a much greater extent of intimal hyper-
plasia on BNS compared with stents having a nanothin
Polyzene-F coating at both 4 weeks and 12 weeks after
implantation. At 4 weeks, the stents with a nanothin Poly-
zene-F coating had an average total neointimal height
of 139.89 + 148.78 um and an average % stenosis of

31.4% =+ 9.19%. Regarding BNS, the average neointimal
height measured 442.17 £ 910.47 pum, and the average %
stenosis was 39.03% =+ 33.59%. At 12 weeks, the average
neointimal height and % stenosis on stents with a nanothin
Polyzene-F coating were significantly (p < 0.05) less than
the average neointimal height and % stenosis on BNS. The
stents with a nanothin Polyzene-F coating showed a low
average neointimal height of 64.41 4+ 78.7 um and an
accordingly low average % stenosis of 23.21% =+ 12.94%.
In the BNS, the average neointimal height was 492.86 +
201.64 um, and the average percentage stenosis was
58.86% + 14.97%.

As seen in Fig. 2A, the vessel received a nitinol stent
with a nanothin Polyzene-F coating and had minimal ne-
ointimal in-growth and grade 1 inflammation score. The
vessel in Fig. 2B received a BNS and had mild stenosis and
grade 2 inflammation. As seen in Fig. 2C, stents with a
nanothin Polyzene-F coating had well-preserved vessel
patency again at 12 weeks. Compared with the vessel in
Fig. 2D, which received a BNS, critical stenosis and grade
3 inflammation occluded the vessel at 12 weeks.

Injury, Inflammation, and Endothelialization

The average injury score at 4 weeks after implantation was
1.06 £ 0.82 in stents with a nanothin Polyzene-F coating
and 0.58 & 0.48 in BNS. At 12 weeks, the average injury
score was 0.6 = 0.58 in stents with a nanothin Polyzene-F
coating and 0.72 £ 0.98 in BNS. At both postimplantation
intervals, there were extreme differences between the
average inflammation score of stents with a nanothin
Polyzene-F coating and that of BNS. The average inflam-
mation score at 4 weeks after implantation for stents with a
nanothin Polyzene-F coating was 0.29 £ 0.45 and was
0.87 £ 1.14 in BNS, more than three times greater than
stents with a nanothin Polyzene-F coating (p = 0.04). The
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Fig. 2 A Photomicrograph of a stented vessel segment with a self
self-expanding nitinol stent having a nanothin Polyzene-F coating at
4 weeks after implantation, stained with Toluidine blue, and imaged
at 10x magnification of the original specimen. The average %
stenosis was calculated as 12%. B Photomicrograph of a bare metal
nitinol-stented vessel segment at 4 weeks after implantation, stained
with Toluidine blue, and imaged at 10x magnification of the original
specimen. The average % stenosis was calculated as 36%. C (same
animal as in Fig. 1) Photomicrograph of the middle section of a self-
expanding nitinol stent with a nanothin Polyzene-F coating at
12 weeks after implantation, stained with Toluidine blue, and imaged
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at 10x magnification of the original specimen. The average %
stenosis was calculated as 17%. D Photomicrograph of the middle
section of a bare metal nitinol stent at 12 weeks after implantation
with a critical stenosis of >50 (average % stenosis 62%), stained with
Toluidine blue, and imaged at 10x magnification of the original
specimen. E (same animal as in Fig. 1) Photomicrograph of the
middle section of a bare metal nitinol stent at 12 weeks after
implantation with a severe stenosis and pronounced peristrut inflam-
mation, stained with Toluidine blue, and imaged at 10x magnification
of the original specimen. The average % stenosis was calculated as
92%
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average inflammation score at 12 weeks for stents with a
nanothin Polyzene-F coating at 1.31 + 1.17 was signifi-
cantly (p < 0.02) less than the average inflammation score
of BNS at 2.17 &+ 0.85. The endothelialization score for
stents with a nanothin Polyzene-F coating at 4 weeks was
1.29 & 0.45 and was 1.2 & 0.41 for BNS. At 12 weeks,
the scores were 1.16 £ 0.43 and 1.23 + 0.54, respectively.
These differences were not statistically significant.

Discussion

Since clinical introduction in the late 1980s [1], renal artery
stenting has been accepted as a minimally invasive method
to treat renal hypertension or renal failure resulting from
renal artery stenosis. Renal artery stenting combines ade-
quate long-term patency with clinical success [10, 12, 28].
Recent advances in catheter technology, including the low-
profile (5F) delivery systems, have increased the interest in
self-expandable nitinol stents for treatment of renal artery
stenosis. In the superficial femoral artery, nitinol stent-
based studies showed promising results with respect to
decreasing neointimal hyperplasia and late in-stent steno-
sis. Specifically, in 2006, Schillinger et al. showed that
self-expandable nitinol stents provided superior results
compared with balloon angioplasty and stenting of the
superficial femoral artery [15]. In addition, a 2-year follow-
up of the patients receiving a self-expandable nitinol stent
showed that they continued to have improved stent patency
compared with the patients receiving angioplasty [16].
Verheye et al. showed, in a porcine carotid and iliac model,
that nitinol stents appeared to have a favorable biocom-
patibility [29]. In the Sirocco trials, which compared si-
rolimus-eluting and bare metal long-segment nitinol stents
in the superficial femoral artery, both the active and the
passive stent versions had a low restenosis rate at 6 months
[17] and at longer follow-up, which included a greater
patient population [18]. Analyzing the results of our
experimental study, the BNS, even in a modern low-profile
design, failed to decrease late in-stent stenosis and
inflammation in the chosen renal artery model. Specifi-
cally, at 12 weeks after implantation, the BNS showed
disappointing results in almost every investigated aspect:
angiographic binary stenosis, percentage stenosis, and
inflammation. In the attempt to explain these negative
findings, it is important to note that stent expansion or focal
strut-induced vascular injury, which is considered as one of
the most important trigger effects of excessive late in-stent
stenosis [30-32], can be virtually ruled out as a contrib-
uting or causative factor because at both postimplantation
time points, the injury scores were far lower than any crit-
ical value. Another conflicting result from the BNS group
was the usual pattern of excessive intimal hyperplasia. At

both intervals, endothelialization of the BNS surfaces was
nearly complete. In this context, the most pertinent expla-
nation for the overall negative findings of the BNS results
from the excessive level of inflammation elicited by the stent
struts. Kornowski suggested that inflammation plays an
important role in neointimal formation after stenting and
described significant correlations between the degree of
inflammation and neointimal formation, measured either as
neointimal height, neointimal area, or percentage stenosis
[27]. Furthermore, he detected correlations between severe
inflammatory reaction and perforation of the internal or
external elastic membrane [27].

In the present study, almost each strut of the BNS at
12 weeks after implantation showed circumferential mod-
erate or dense lymphohistiocytic cell infiltration, accounting
for an average inflammation score of 2.17. Furthermore,
these results are corroborated by the time course of inflam-
mation, which was significantly lower at 4 weeks than at
12 weeks after implantation. The observed increase in
peristrut inflammation virtually mirrors the time course of
angiographic and microscopic in-stent stenosis or late loss,
which also increased significantly with time in the BNS. It
has been hypothesized that contact allergies, especially to
nickel, triggered by metallic surfaces or ion release, induce
inflammatory reactions associated with neointima hyper-
plasia and in-stent stenosis [33]. Wataha et al. indicated that
the release of nickel ions poses a risk of promoting an
inflammatory response in soft tissue by activating mono-
cytes [34].

The neointimal height, percentage stenosis, and inflam-
mation score of the self- expanding nitinol stents with a
nanothin Polyzene-F coating suggests that this coating
technology can decrease the cellular events related to in-stent
restenosis of stents used in renal arteries. Furthermore, no on-
stent or in-segment thrombus was detected in stents having a
nanothin Polyzene-F coating neither at angiography nor at
light microscopy. Welle and Grunze described the potential
of Poly(Bis(Trifluoroethoxy))Phosphazene (PTFEP) to serve
as a thromboresistant coating based on the selective absorp-
tion of albumin, which is known to decrease platelet appo-
sition, and decreased fibrinogen absorption compared with
carbon-based coating materials [35]. These properties have
been confirmed ex vivo and in various animal models: Richter
et al. confirmed the thromboresistant potential of Polyzene-F
using SEM in a rabbit iliac artery model, in which small-
calibre stents with a nanothin Polyzene-F coating were
completely free of any thrombus deposition at 1 week [20].
Moreover, with regard to the theoretically high probability of
thrombus formation, the rabbits did not receive any anti-
thrombotic or antiplatelet medication during the follow-up
period. Low platelet and thrombus depositions on stents with
a nanothin Polyzene-F coating might also contribute to the
favorable angiographic outcome and known ability to
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decrease neointimal formation as not only shown in renal but
also porcine coronary artery models [20, 21, 23, 24].

The low level of angiographic in-stent stenosis of stents
with a nanothin Polyzene-F coating was confirmed by
quantitative histomorphometry. The average neointimal
height decreased from approximately 140 um at 4 weeks to
70 pm at 12 weeks, which indicated stabilization and
maturization of neointima. Maturity and stability of the
neointima is further supported by the high degree of en-
dothelialization of stents with a nanothin Polyzene-F
coating at 12 weeks (score of 1.1). Specifically, the low
absolute neointimal height of 70 pm at 12 weeks compares
favorably with other experimental bare metal stent versus
coated stent studies [22]. For example, polytetrafluoroeth-
ylene (PTFE)-coated renal stents showed intimal heights of
350 um at 12 weeks [36]; carbon-coated renal artery stents
had an average neointimal height of 150 pum at 12 weeks
[37]; and fibrin-coated coronary artery stents had an aver-
age neointimal height of 560 um at 4 weeks [38].

Last, the relative high strut thickness of 210 pm, required
for sufficient scaffolding stability of the nitinol stents, might
have contributed to the negative outcome of the BMS [39].
In the stents with a nanothin Polyzene-F coating, the stent
strut thickness may have been counteracted by the beneficial
biologic effects of Polyzene-F. Strut geometry and stent
design, especially strut thickness, have been identified as a
potential factor for increased intimal hyperplasia, arterial
thrombosis, and increased inflammatory long-term reaction
[30, 40—45]. However, Garasic et al. suggested that varia-
tions in strut thickness between 125 and 200 pm have no
significant impact on the investigated biologic end points,
such as thrombogenicity [30]. This could explain why BNS
were not associated with a higher risk of thrombogenicity
but had excessive late in-stent stenosis. Several experi-
mental and clinical studies have described the negative
effects and arterial wall response of stent-induced wall
overstretch and wall injury [30-32]. Vessel wall injury
increases exponentially with stent deployment diameter,
highlighting the importance of adequate stent overexpansion
and novel stent designs that specifically address peak stress
decrease [40]. Overexpansion or excessive vessel wall
injury did not contribute to the negative results of the BNS
results in this study. Therefore, strut thickness of 210 pum, in
concert with the elicited inflammatory reaction, may have
contributed to the high neointima in the BNS. Both experi-
mentally and in clinical studies, a strong negative correlation
between stent strut thickness and intimal hyperplasia has
been shown [41-45].

Limitations of the Study

Although this study represents a standardized approach
for direct side-to-side comparisons of nitinol stents, its
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applicability to human arteriosclerotic disease is limited
because native arteries were used. The wall characteristics
and biologic response pattern of these arteries is not
completely reflected in humans. This native artery model
was used instead of an atherosclerotic diet model to avoid
bias from potential differences in disease burden at the
implantation target. Furthermore, the number of animals,
obviously, is limited and no antiplatelet or anticoagulant
medication was given. Hence, a transfer into clinical reality
might require further experimental and design studies
focusing on the special characteristics of renal artery
stenting. It is not known whether a different pattern of
respiratory up and downward movement of the minipig
arteries is existent and might cause a different “motion
injury” pattern compared with the erect human being.
Such, of course, is of relevance in interpreting our results
with special focus to arterial injury and inflammation.

Conclusion

Although modern catheter technology allows the safe and
precise placement of self-expanding nitinol stents, the
biologic response to BNS proves to be unfavorable in the
renal artery territory in striking contrast to the human
superficial femoral artery. Technical success was achieved
in 100% of the minipigs used in this study. However, the
excessive and specific vessel wall reaction to the alloy
itself is responsible for the poor long-term outcome, as
expressed by the high level of peristrut inflammation,
which increased with time. Accordingly, the favorable
results of stents with a nanothin Polyzene-F surface treat-
ment can be attributed to the thromboresistance and high
biocompatibility of this polymer and near complete endo-
thelialization as early as 4 weeks, which significantly
(p < 0.05) surpassed that of BNS at 12 weeks. In sum-
mary, it can be concluded that a nitinol stent with a
nanothin Polyzene-F coating was able to abolish the neg-
ative effects of the nitinol alloy when used in the renal
arteries.
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