Organogenesis, 13:29-38, 2017

© 2017 Taylor & Francis

ISSN: 1547-62781555-8592 online
DOI: 10.1080/15476278.2017.1280211

RESEARCH PAPERS

Comparison of early vascular morphological changes
between bioresorbable poly-L-lactic acid scaffolds
and metallic stents in porcine iliac arteries
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ABSTRACT. Bioresorbable scaffolds have the potential to overcome several problems associated with
metallic stents. Bioresorbable poly-L-lactic acid (PLLA) scaffold implantation for the treatment of
peripheral artery disease has already been reported in animal models and clinical trials; however, no studies
comparing PLLA scaffolds and bare metal stents (BMSs) with regard to early vascular morphological
changes, identified using intravascular ultrasound (IVUS) analysis, have been reported. In this study, PLLA
scaffolds and BMSs were implanted bilaterally in iliac arteries of five miniature pigs. Digital subtraction
angiography and IVUS were performed before and immediately after stent implantation and at 6-week
follow-up. All PLLA scaffolds and BMSs were patent at 6-week follow-up. Per IVUS analysis, the percent
area stenosis did not significantly differ between PLLA scaffolds and BMSs (65.7% vs. 67.2%, P = .761).
Furthermore, percent vessel lumen change also did not differ significantly. Neointima formation (the
neointimal area plus medial area) was significantly less with PLLA scaffolds than with BMSs (15.65 mm*
vs. 25.69 mm?, P < .001). In conclusion, based on IVUS results, short-term results after stent implantation
in porcine iliac arteries were comparable between PLLA scaffolds and BMSs. Therefore, PLLA scaffolds
are safe and feasible for implantation in peripheral arteries.
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INTRODUCTION

Percutaneous transluminal angioplasty has
been reported to be associated with a high reste-
nosis rate due to constrictive remodeling, elastic
recoil, and neointimal hyperplasia,’ and the use
of stents helps prevent or resolve these compli-
cations. Bare metal stents (BMSs) have been
shown to be useful in clinical practice, and they
are currently being implanted in various vessels.
Although sealing of the dissection flaps and pre-
vention of acute recoil help significantly reduce
acute vessel occlusion incidence, in-stent reste-
nosis, which involves luminal re-narrowing in a
stented segment, remains an important clinical
issue. To overcome in-stent restenosis, drug-
eluting stents have been introduced. The in-stent
restenosis rate and target lesion revascularization
rate have been shown to be significantly lower
with drug-eluting stents than with BMSs.” How-
ever, drug-eluting stents are associated with
risks of late and very late stent thrombosis,’
necessitating long-term dual antiplatelet therapy.
Furthermore, removal of an implanted BMS or
drug-eluting stent requires surgery.

Bioresorbable scaffolds (BRSs) degrade over
time, leaving only the remodeled vessel; they
were developed to overcome the problems asso-
ciated with metallic stents. Since BRSs leave no
foreign body, additional treatment can be easily
provided in the vessel segment that received a
BRS, even if in-stent restenosis occurs. BRSs
have the following advantages over current
BMSs or drug-eluting stents': (1) no foreign
materials such as non-endothelialized struts and
drug polymers remain in the vessel over a long
period, as only temporary scaffolding is pro-
vided until the vessel has healed; (2) bioresorp-
tion facilitates return of vessel vasomotion,
adaptive shear stress, late luminal enlargement,
and late expansive remodeling; (3) long-term
dual antiplatelet therapy can be discontinued
once the BRS has been bioresorbed; and (4)
imaging techniques such as computed tomogra-
phy angiography and magnetic resonance imag-
ing can be used for follow-up. As BRSs have
less stiffness than metallic stents, they have the
potential to overcome the problems related to
local stiffening of the artery and compliance
mismatch associated with metallic stents.”

Current BRSs are made of either a polymeric
scaffold or a bioresorbable metallic stent. Poly-
L-lactic acid (PLLA) is the most frequently
used polymer currently, and it has already been
widely used in clinical devices and materials
such as resorbable sutures, soft-tissue implants,
orthopedic implants, and dialysis media. PLLA
is metabolized into carbon dioxide and water
over a period of approximately 12—-18 months
via Krebs’ cycle.! This polymer has been
shown to be biocompatible and well tolerated
according to the results of both in vitro and in
vivo studies.”” The Igaki-Tamai stent (ITS,
Kyoto Medical Planning Co., Ltd., Kyoto,
Japan), which is made of PLLA, was the first
BRS developed for use in humans in 2000, and
it has shown promising results in coronary
arteries and superficial femoral arteries (SFAs)
in clinical trials.*®® This scaffold has been
commercially available for treating peripheral
artery disease in 15 countries of Europe since
2009. However, no previously published study
has presented detailed in vivo experimental
results, including intravenous ultrasound and
histomorphometric analysis, on ITS implanta-
tion in peripheral arteries.

The aims of the present study were to com-
pare the early vascular morphological changes
between a BRS (ITS) and a BMS, and assess
the feasibility and biocompatibility of the stents
in porcine iliac arteries.

METHODS

Animals

This study included 15-month-old male min-
iature pigs (approximate weight, 40 kg). For
anti-thrombotic therapy, the animals received
oral acetylsalicylic acid (200 mg/day) and
ticlopidine (200 mg/day) from 2 days before
angioplasty till the end of follow-up. The study
protocol was reviewed and approved by the
local ethics committee for animal care and use.
All pigs were cared for and used in accordance
with the institutional guidelines, and animal
care protocols complied with the Guide for the
Care and Use of Laboratory Animals, Institute
of Laboratory Animal Resources, Commission
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on Life Sciences, National Research Council.
The pigs were allowed to acclimatize to the ani-
mal research laboratory for at least 3 days
before they were used in the procedures, and
they had free access to food and water before
and after the procedure.

Characteristics of the bioresorbable
scaffold

The bioresorbable PLLA scaffold used in
this study was the ITS for implantation in
peripheral arteries. Although previous PLLA
scaffolds were prepared by laser cutting or
braiding the PLLA monoﬁlaments,s’lo ITS,
which was used in this study, had a new zigzag
helical coil stent design, similar to that of
recent metallic stents. The scaffold is radiolu-
cent with two radio-opaque markers located
2.0 mm from each end. The scaffold is deliv-
ered using a balloon-expandable system, which
is compatible with a 0.018-inch guidewire and
a 7-French (Fr) sheath. Balloon inflation is per-
formed for 60 s at 10 atm (the nominal pressure
recommended by the manufacturer).

Stenting procedure

The animals were sedated with an intramus-
cular injection of a combination of midazolam
(2 mg/kg) and medetomidine (0.1 mg/kg).
They were placed in the supine position, intu-
bated, and mechanically ventilated. Anesthesia
was maintained with isoflurane using a respira-
tor. An intravenous line was established,
through which cefazolin sodium hydrate
(1,000 mg) was administered for antibiotic pro-
phylaxis. Electrocardiographic data and blood
oxygen saturation were continuously moni-
tored. After general anesthesia was adminis-
tered, the right femoral artery was surgically
exposed. Systemic heparinization was achieved
with an intra-arterial injection of heparin
(5,000 U). Digital subtraction angiography
(DSA) with a 4-Fr pigtail catheter and intravas-
cular ultrasound (IVUS) were performed before
and immediately after stent implantation, and
the results were recorded. The ITS was
implanted in the right iliac artery by using

balloon inflation at 10 atm (the nominal pres-
sure recommended by the manufacturer)
through a 7-Fr introducer sheath (7-Fr Brite Tip
sheath, Cordis, Miami, FL). For comparison,
the balloon-expandable BMS (Express LD,
Boston Scientific, Natick, MA) was implanted
in the left iliac artery by using balloon inflation
at 8 atm (the nominal pressure recommended
by the manufacturer) through a 6-Fr guiding
sheath (SheathLess PV, Asahi Intecc Co.,
Nagoya, Japan). The size of each stent was
determined based on the findings of the pre-
implantation IVUS analysis, with a stent-
to-artery ratio between 1.1:1 and 1.2:1.

Follow-up and harvesting

Specially trained laboratory animal care per-
sonnel continually monitored the animals’
health. After 6 weeks of follow-up, the animals
were sedated, and deep anesthesia was induced.
The right internal carotid artery was exposed
surgically, and a 5-Fr introducer sheath (5-Fr
Catheter Introducer, Medikit Co., Tokyo,
Japan) was placed. Immediately after DSA and
IVUS analyses, the animals were euthanized
with an intravenous injection of pentobarbital.

IVUS analysis

IVUS was performed with an IVUS system
(Volcano s5 Imaging System; Volcano Corp.,
Rancho Cordova, CA) and a catheter (Visions
PV; Volcano Corp.). The vessel lumen area and
diameter were measured before and immedi-
ately after stent implantation. After 6 weeks of
follow-up, the vessel lumen area and diameter
were measured. The external elastic lamina
(EEL) area and diameter were also measured.
In this study, the vessel lumen area immedi-
ately after stent implantation was equal to the
EEL area, as the medial layer was too thin to be
visualized using IVUS. The vessel lumen area
and EEL area were calculated as the average
measurements from three parts of the stented
vessel: the distal, middle, and proximal parts.
The neointimal area plus medial area was cal-
culated as the EEL area minus the vessel lumen
area measured at 6-week follow-up.
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Histomorphometry

After the pigs were euthanized, each stented
iliac artery was explanted and fixed in 10% for-
malin. Then, the stented vessel segment was
embedded in methyl methacrylate; 2- to 4-um-
thick sections were obtained from the distal,
middle, and proximal parts of each stented ves-
sel. Three sections were obtained from each
stented vessel and were analyzed histomorpho-
metrically. The sections were stained with
hematoxylin-eosin and Elastica van Gieson
stains for histologic assessment. All stained
sections were digitally exported onto a com-
puter and analyzed using Image J software
(version 1.48; National Institutes of Health,
http://imagej.nih.gov/ij/). The neointimal area
and medial area were measured.

Histopathology

Hematoxylin-eosin stained sections were
evaluated by an experienced pathologist who
was blinded to the section staining, and the
injury and inflammation scores were deter-
mined. The mean injury score was calculated
as described by Schwartz et al.'’ For each stent
strut, the injury was scored from O to 3, and the
mean injury score was calculated as the sum of
the injury scores of the struts divided by the
total number of struts. The definitions of the
injury scores were as follows: 0, an intact inter-
nal elastic lamina (IEL) and medial compres-
sion without a laceration; 1, an IEL laceration
and typical medial compression without a lac-
eration; 2, visible IEL and medial lacerations
and intact EEL compression; and 3, an EEL
laceration and typical large medial lacerations
extending through the EEL and occasional
presence of coil wires in the adventitia.

For each stent strut, inflammation was scored
from O to 3, and the mean inflammation score
was calculated as the sum of the inflammation
scores of the struts divided by the total number
of struts. The definitions of the inflammation
scores were as follows: 0, no inflammatory cells
present around the strut; 1, few inflammatory
cells present around the strut; 2, localized, mod-
erate to dense cellular infiltration around the

strut; and 3, circumferential, dense inflammatory
cell infiltration around the strut.'?

Statistical analysis

Data are expressed as mean = standard error of
the mean. Differences between ITSs and BMSs
were assessed using the unpaired t test. All statisti-
cal analyses were performed using SPSS software
(version 22.0; IBM, Armonk, NY). A P-value
<.05 was considered statistically significant.

RESULTS

Animals and interventions

ITSs were implanted in the right iliac arter-
ies, and BMSs were implanted in the left iliac
arteries of 5 miniature pigs (Fig. 1B). All five
animals survived the scheduled follow-up
period, and all stented arteries were angio-
graphically patent with both devices at 6-week
follow-up (Fig. 1C).

IVUS analysis

The IVUS data are presented in Table 1.
Representative images of the IVUS analysis are
shown in Fig. 2. No incidence of malapposi-
tion, thrombosis, or dissection was observed at
6-week follow-up with both devices.

There was no statistical difference in the
vessel lumen area before implantation between
ITSs and BMSs (22.55 mm* vs. 24.36 mm?,
P = .508). The vessel lumen area immediately
after stent implantation was significantly
smaller with ITSs than with BMSs (29.62 mm”®
vs. 36.60 mm?, P = .001). The vessel lumen
area (8.34 mm? vs. 12.42 mm?, P = .041) and
EEL area (24.00 mm?>  vs. 38.11 mm?
P < .001) at 6-week follow-up were signifi-
cantly smaller with ITSs than with BMSs.

Data regarding percent vessel lumen change
are shown in Fig. 3A. The percent vessel lumen
change was calculated as follows: (vessel
lumen area immediately after stent implanta-
tion or at 6-week follow-up / vessel lumen area
before stent implantation) x 100. There was no
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FIGURE 1. Digital subtraction angiography images of the porcine iliac arteries before stent implan-
tation (A), immediately after stent implantation (B) and 6 weeks after stent implantation (C). The
Igaki-Tamai stent was placed in the right iliac artery, and a bare metal stent was placed in the left
iliac artery. Each arrow shows an edge of the implanted stents.

significant difference in percent vessel lumen
change immediately after implantation
(154.2% vs. 159.0%, P = .831) and at 6-week
follow-up (52.3% vs. 53.5%, P = .938).

The neointimal area plus medial area was
significantly smaller with ITS than with
BMS (15.65 mm” vs. 25.69 mm?, P < .001,
Table 1). Fig. 3B shows the percent area ste-
nosis at 6-week follow-up. The percent area
stenosis was calculated as follows: (neointi-
mal area plus medial area / EEL area) x
100. There was no significant difference in
percent area stenosis at 6-week follow-up
between ITSs and BMSs (65.7% vs. 67.2%,
P =.761).

Figure 3C shows vascular remodeling at 6-
week follow-up. Vascular remodeling was cal-
culated as follows: EEL area at 6-week follow-
up - vessel lumen area immediately after stent
implantation. Vascular remodeling was signifi-
cantly negative with ITSs than with BMSs
(—5.63 mm? vs. 1.52 mm? P = .028).

Histomorphometry

Histomorphometric data are presented in
Table 2, and representative photomicrographs
are shown in Fig. 4. None of the evaluated
arteries had incomplete stent apposition or an
intraluminal thrombus. The neointimal area

TABLE 1. Comparison of the results of intravascular ultrasound analysis between Igaki-Tamai
stents (ITSs) and bare metal stents (BMSs).

ITSs BMSs P-value

Pre-implantation

Vessel lumen area (mm?) 22.55 +2.23 24.36 + 1.53 .508
Immediately after implantation

Vessel lumen area (mm?) 29.62 + 1.71 36.60 + 0.68 .001
6-week follow-up

Vessel lumen area (mm?) 8.34 £ 0.95 12.42 +1.63 .041

Vessel lumen diameter (mm) 3.25+0.13 3.87 +0.21 .018

EEL area (mm?) 24.00 + 1.53 38.11 £1.07 <.001

EEL diameter (mm) 5.51+0.13 6.92+0.17 <.001

Neointimal area plus media area (mm?)? 15.65+1.15 25.69 + 1.80 <.001

EEL: external elastic lamina
Data are presented as mean =+ standard error of the mean.

2The neointimal area plus media area was calculated as the EEL area minus the vessel lumen area measured at 6-week follow-up.
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FIGURE 2. Intravascular images of the vessels before stent implantation (A), implanted with Igaki-
Tamai stents (B, C) and bare metal stents (D, E) immediately after stent implantation (B, D) and
6 weeks after stent implantation (C, E).

was significantly smaller with ITS than with Histopathology
BMS (5.83 mm” vs. 16.85 mm’, P < .001).

However, the medial area was significantly The injury and inflammation scores tended
larger with ITS than with BMS (5.08 mm? vs. to be higher with ITSs than with BMSs (injury
3.09 mm?, P = .002). scores: 0.053 £ 0.014 vs. 0.023 £ 0.009,

FIGURE 3. Graph A shows percent vessel lumen change with Igaki-Tamai stents (ITSs) and bare
metal stents (BMSs). Graph B shows percent area stenosis with ITSs and BMSs at 6-week follow-
up. Graph C shows vascular remodeling with ITSs and BMSs at 6-week follow-up.
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TABLE 2. Comparison of the results of
histomorphometric analysis between lgaki-
Tamai stents (ITSs) and bare metal stents
(BMSs) at 6 weeks after stent implantation.

ITSs BMSs P-value

<.001
.002

Neointimal area (mm?) 5.8 -+0.54 16.8+ 1.61
Media area (mm?) 51+0.57 3.1+0.13

Data are presented as mean =+ standard error of the mean.

P = .085; inflammation scores: 0.073 =+
0.021 vs. 0.027 £ 0.010, P = .062; Table 3),
but there were no significant differences
between ITSs and BMSs.

DISCUSSION

In the present study, all ITSs and BMSs were
patent at 6-week follow-up, and acute stent
thrombosis did not occur. Results of IVUS
analysis showed that there was no significant
difference in percent vessel lumen change and
percent area stenosis between ITSs and BMSs.
Additionally, the neointimal area plus medial
area was significantly smaller with ITSs than
with BMSs. In this study, ITSs and BMSs were
analyzed mainly by using IVUS, whereas in
previous studies on PLLA scaffolds other than
ITSs that were implanted in porcine iliac arter-
ies, the scaffolds were mainly analyzed using

TABLE 3. Comparison of the results of
histopathological analysis between Igaki-Tamai
stents (ITSs) and bare metal stents (BMSs).

ITSs BMSs P-value

Inflammation score 0.073 &+ 0.021 0.027 + 0.010 .062
Injury score 0.053+0.014 0.023 £ 0.009 .085

Data are presented as mean =+ standard error of the mean.

the histomorphometric method. As IVUS is
performed in vivo, the results in this study are
considered to represent the physiological state.
Several PLLA scaffolds have been reported
to date. Some previous studies have reported
that neointima formation after implantation
was greater with PLLA scaffolds than with
BMSs, and based on the results of the histomor-
phometric method,*? inflammatory reaction of
the vessel wall was suggested to promote neo-
intima formation. Uurto et al.’ reported signifi-
cantly greater intimal thickness and larger
lumen loss with bioresorbable poly-L/D-lactic
acid self-expandable stents than with stainless
steel stents after implantation in porcine iliac
arteries, and a severe inflammatory reaction of
the vessel wall was suggested to have resulted
in the greater intimal thickness. Additionally,
Bunger et al.'” reported a significantly larger
neointimal area and smaller residual lumen
with blended polymeric stents of PLLA and
poly-4-hydroxybutyrate than with stainless

FIGURE 4. Representative photomicrographs of hematoxylin-eosin-stained sections of the porcine
iliac arteries 6 weeks after stent implantation. (A) Igaki-Tamai stent. (B) Bare metal stent. (C) Non-

stented segment.
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steel stents after implantation at iliac anasto-
motic sites, and a severe inflammatory reaction
around the stent struts was noted with the poly-
meric stents. Unlike in previous studies, neoin-
tima formation was less with ITSs than with
BMSs according to the results of IVUS analysis
in this study. Additionally, according to the
results of the histopathological analysis, there
was no significant difference in the inflamma-
tion scores between ITSs and BMSs. The dif-
ference in the phenomenon between ITSs and
other PLLA scaffolds may be due to improve-
ment in the stent design. Previously reported
PLLA scaffolds were prepared by laser cutting
or simply braiding the PLLA monofilament.>”
However, ITS has a zigzag helical coil design,
which is similar to that of recent metallic stents.
This improvement in the stent design may have
contributed to the decrease in inflammatory
reaction of the vessel wall and hence in neoin-
tima formation. Curcio et al."> reported that
neointima formation and endothelial regenera-
tion was induced by vascular injury causing
proliferation of vascular smooth muscle cells.
In this study, there was no significant difference
in the injury score between ITSs and BMSs,
and neointima formation was significantly less
with ITSs than BMSs.

The vessel lumen area immediately after
implantation and the EEL area at 6-week fol-
low-up were significantly less with ITSs than
with BMSs, and vascular remodeling was sig-
nificantly negative with ITSs than with BMSs
according to IVUS results. These observations
could be attributed to ITS having less radial
force than the BMS. In histomorphometric
analysis, the medial area at 6 weeks after
implantation was significantly larger with ITS
than with the BMS. This is considered to be
because of the greater radial force of BMSs, as
they stretch and press the medial area, whereas
the less radial force of ITS leads to the medial
area becoming larger after implantation. This
study showed that the radial force of ITS is less
than that of the BMS. Regarding the clinical
use of ITS, Werner et al.® performed a prospec-
tive multicenter study on ITS implantation in
human SFAs. They reported high restenosis
rates at 6 and 12 months of follow-up (39.3%
and 67.9%, respectively), and high target-lesion

revascularization rates at 6 and 12 months of
follow-up (25.0 and 57.1%, respectively). They
demonstrated that the patency rates of ITS did
not match those of the new nitinol stent, and
they questioned whether an inflammatory reac-
tion of the vessel wall after stent implantation
and a poor radial force may affect long-term
patency. In this study, a poor radial force of
ITS was also suggested, but the difference in
the severity of the inflammatory reaction
between ITS and the BMS was not significant.
ITS may not yield results comparable to those
of BMS in all atherosclerotic lesions, especially
in those with hard calcified plaque, for which a
greater radial force is needed to sufficiently
dilate the lesions. However, in this study, there
was no significant difference in percent vessel
lumen change and percent area stenosis
between ITS and the BMS. Therefore, we think
that ITS has the advantage of bioresorption in
the treatment of select cases that do not require
significant radial force, such as bail-out scaf-
folding for flow-limiting dissection after bal-
loon angioplasty or during the intervention of
atherosclerotic lesions with soft plaque.

To improve the patency of BRSs, the addi-
tion of drug elution properties has already been
reported for decreasing neointima formation.
Neointima formation has been reported to be
reduced with drug-eluting polymeric scaffolds
that contain sirolimus,'* dexamethasone,
tyrosine kinase inhibitors,'® or peroxisome pro-
liferator-activator receptor (PPAR)-o/y ago-
nists'’ than with BMSs or drug-free PLLA
scaffolds. A BRS is expected to be useful as a
vehicle to deliver antiproliferative agents for
the suppression of neointimal hyperplasia,
which is the primary contributor to restenosis.
Currently, in the clinical setting, a drug-eluting
BRS is not available for implantation in human
peripheral arteries. Instead, ITS implantation in
SFA lesions with pre-balloon dilation using a
drug-eluting balloon has been reported. Werner
et al.'® studied ITS implantation in de novo
SFA lesions with pre-balloon dilation using a
paclitaxel-coated balloon. They reported a high
restenosis rate (57.9%) and high target-lesion
reconstruction rate (42.1%) at 12 months of
follow-up. Unfortunately, using ITS with drug-
eluting balloon angioplasty, it was impossible
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to achieve a result comparable to that with
BMS for treating peripheral artery disease.
Therefore, further research on drug-eluting
BRSs is needed to improve patency.

For the future development of BRS, improve-
ment in stent design or development of new biore-
sorbable materials could improve stent radial
force and patency. Additionally, BRSs with drug-
eluting technology are expected to improve
patency after implantation. Refinement of the
delivery system is also required for general use in
the clinical setting. This study shows that the
implantation of BRSs can be effective in select
lesions. However, candidate lesions for BRS
implantation should be clarified in future clinical
or animal experiments.

The present study had some limitations.
First, ITSs and BMSs were implanted in
healthy vessels. The reaction of vessel walls
with atherosclerotic lesions after stent implan-
tation may differ from that of healthy vessel
walls. Second, the follow-up period was
6 weeks. Neointima formation after stent
implantation has been reported to peak around
1 month in pigs, whereas the peak neointimal
thickness develops between 6 months and
1 year in humans.'® Therefore, we decided to
use a follow-up period of 6 weeks based on
previous studies.'®!'* Only short-term patency
and vessel wall reaction were analyzed. Thus,
studies with a longer follow-up are needed.

CONCLUSIONS

Short-term results after stent implantation in
porcine iliac arteries were comparable between
ITSs and BMSs according to the results of
IVUS analysis. The ITS is considered safe and
feasible for implantation in peripheral arteries.
Further studies on the long-term patency after
implantation are needed in terms of atheroscle-
rotic lesions.
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