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Abstract

Aims: Biodegradable polymer-based drug-eluting stents are thought to be safer than durable polymer-based
stents. However, the long-term vascular response remains unclear. The aim of this study was to compare the
biocompatibility of durable polymer-based sirolimus-eluting (SES) and everolimus-eluting (EES) stents with
biodegradable polymer-based biolimus-eluting (BES) stents in a porcine coronary model.

Methods and results: Stents were implanted in porcine coronaries. Acetylcholine challenge tests and opti-
cal coherence tomography (OCT) examination were performed at one month. Animals were sacrificed at
three and six months (n=6 each), and the stents were analysed histologically. At one month, acetylcholine
challenge tests revealed a trend towards greatest vasoconstriction in SES, less in BES, and least in EES, but
the differences were not significant. OCT analysis demonstrated the highest incidence of uncovered struts
in SES, followed by BES, while EES showed almost complete strut coverage (41.7+27.0%, 24.5+23.8%,
0.4+0.8%, respectively; p=0.004). Upon histological analysis at three months, SES showed a significantly
higher inflammatory score than BES and EES (2.9+1.4, 0.8+0.9, 0.5+0.4, respectively; p=0.001), and this
was maintained at six months (1.6£1.5, 0.3£0.3, 0.4+0.6, respectively; p=0.049).

Conclusions: While SES showed an increased inflammatory reaction, EES and BES showed minimal
inflammation. These results indicate that the late inflammatory reaction does not necessarily depend on deg-

radability of the polymer, if the combination of the drug, metal, and polymer is biocompatible.
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Introduction

Since the advent of first-generation drug-eluting stents (DES), the
occurrence of in-stent restenosis, which is the major limitation
of intracoronary stent therapy, has been reduced with controlled
drug release from durable polymers'?. However, late thrombotic
events have been noted with the use of DES, and have emerged
as a concern®3, Pathologic studies have reported various causes of
late stent thrombosis in different phases after placement, such as
delayed arterial healing, hypersensitivity reaction, excessive fibrin
deposition with malapposition, and neoatherosclerosis®®. One of
the device-related complications includes hypersensitivity reac-
tion, which is considered to occur due to a lack of biocompatibility
of the polymer!'’. Therefore, the development of newer DES has
focused on creating devices with a higher safety profile. Newer-
generation DES employ more biocompatible polymer, and it is
generally believed that the biodegradable polymers should be more
favourable clinically than the durable ones since, after drug deliv-
ery and subsequent complete polymer degradation, only the bio-
logically inert bare metal platform remains in the vessel wall after
certain periods!''. However, the long-term safety and superiority of
this technology over durable polymers are unclear.

The porcine coronary model has been used to evaluate the effi-
cacy and safety of DES, and appears to mimic the reaction to intrac-
oronary devices in humans if the time points are properly chosen'2,
Previously, we reported a progressively increasing inflammatory
reaction over time with placement of SES in the porcine coronary
model'!, resembling reactions found in human autopsies®, although
the incidence of this phenomenon is considered to be much lower
in humans. Therefore, using the porcine coronary artery model for
three to six-month periods is suitable for the examination of long-
term biocompatibility'?.

The aim of this study was to evaluate the biocompatibility fol-
lowing implantation of durable polymer-based SES and EES com-
pared to biodegradable polymer-based BES.

Methods

STUDY DESIGN

Twelve mini swine were used in the current study. Three dif-
ferent types of DES were employed: durable polymer-based
SES (CYPHER SELECT™ 3.0x18 mm; Cordis Corp., Johnson
& Johnson, Warren, NJ, USA), durable polymer-based EES
(XIENCE V® 3.0x18 mm; Abbott Vascular, Santa Clara, CA,
USA), and biodegradable polymer-based BES (Nobori 3.0x18 mm;
Terumo Medical Corp., Tokyo, Japan), with one of each type
implanted into each pig (one stent per one vessel). The biode-
gradable polymer-based BES (Nobori) is abluminally coated
with a matrix containing Biolimus A9 and polylactic acid, which
degrades over six to eight months. Animals were sacrificed at three
and six months (n=6 each). Over six months, six animals received
acetylcholine challenge tests and optical coherence tomography
(OCT) examinations for each coronary artery at one month follow-
ing stent implantation (Figure 1). Following euthanasia, stents were
subjected to histologic examination to analyse vascular responses.

Animal N=12
Each animal receives 3 DES

(st' EES and BES) Sacrifice for histology
s T
= _bl

— Acetylcholine challenge test Sacrifice for histology

—OCT observation 6 animals

Figure 1. Study design of the current study. mo: months

ANIMAL PREPARATION AND PROCEDURES

All animals were premedicated with oral clopidogrel (75 mg/day)
and aspirin (100 mg/day) at two days before the procedure, and
these medications were continued until the day of euthanasia. After
anaesthesia with isoflurane, surgical access was obtained via a fem-
oral artery using general sterile techniques. During cardiac cath-
eterisation, heparin (5,000-10,000 IU) was injected to maintain an
activated clotting time (ACT) of 250-300 seconds. Vessel alloca-
tion to experimental groups was predetermined to distribute the dif-
ferent stent types equally in three different coronary arteries. Stent
deployment was performed using a 1:1.1-1.2 stent-to-artery diam-
eter ratio.

At three and six months, the animals were euthanised under gen-
eral anaesthesia, by IV injection of pentobarbital euthanasia solu-
tion (100 mg/kg) and/or potassium (40 mEq). Hearts were excised
and pressure perfused with 0.9% saline until cleared of blood, fol-
lowed by pressure perfusion fixation in 10% neutral buffered for-
malin until hardening of the heart muscle was clearly perceptible.

ACETYLCHOLINE CHALLENGE TEST

At one month, the six animals assigned for the six-month study
period underwent acetylcholine challenge tests after the initial angi-
ography, as previously described®. In brief, doses of 10° mol/L and
10 mol/L of acetylcholine (1 ml/min) were administered via the
intracoronary microcatheter. Coronary angiograms were performed
at 2.5 minutes after the acetylcholine injections and recorded for each
dose. The final angiograms were recorded after injection of 200 pg
of nitroglycerine into each coronary artery. Coronary artery diam-
eters within the 5 mm segments proximal and distal to the stents were
measured using quantitative coronary analysis (Medis QCA CMS
6.0; Medis medical imaging systems bv, Leiden, The Netherlands).

OPTICAL COHERENCE TOMOGRAPHY (OCT) PROCEDURES
AND ANALYSIS

Following the acetylcholine challenge test, animals underwent
OCT examinations. Nitrates were given to all vessels in all animals
prior to OCT examination to eliminate influence from the vasomo-
tor tests. OCT (M3 system; LightLab Imaging Inc., Westford, MA,
USA) imaging was performed in all stented vessels using the bal-
loon occlusion technique.



OCT data were analysed in a core laboratory at Kobe University.
Assessments were performed for every 1 mm slice through the
stented segment. Parameters including stent area, lumen area,
neointimal area (by calculation), % area stenosis (by calculation),
and neointimal thickness were measured digitally. Percent uncov-
ered struts were determined by visual assessments performed by
experienced cardiologists (TS and HO). Parameters for each stent
were obtained from the average of all measured variables through
the entire stented segment (stent-based analysis). The results were
compared among the three different types of DES.

HISTOLOGIC PREPARATION AND ASSESSMENTS

The stented arteries were embedded in methylmethacrylate resin.
After polymerisation, sections were taken for every 2 mm of the
stent (for a total of four to five sections) and stained with haema-
toxylin and eosin and Movat’s Pentachrome. Histomorphometric
analysis was performed for quantifying neointimal growth and
assessment of arterial injury and inflammation.

A vessel injury score was calculated according to the Schwartz
method'. The cross-sectional areas (external elastic lamina [EEL],
internal elastic lamina [IEL], lumen area, and neointimal thickness)
of each section were measured with digital morphometry (WinROOF
image-processing software, Version 6; Mitani Corp., Tokyo, Japan).
Ordinal data were collected for each stent section on fibrin deposi-
tion, granulomatous reactions, and the presence of giant cells around
the stent struts. Each was expressed as a percentage of the total num-
ber of struts in each section. An overall neointimal inflammation and

fibrin value was scored for each section, as previously described'.

STATISTICAL ANALYSIS

Values were expressed as meantstandard deviation. One-way
analysis of variance ANOVA was used to compare statistical dif-
ferences in continuous values between the groups. Nonparametric
score data, including injury, fibrin, and neointimal and adventitial
inflammation, were compared using a Wilcoxon Kruskal-Wallis
test. A value of p<0.05 was considered statistically significant (JMP
software; SAS Institute Inc., Cary, NC, USA).

Results

STENT IMPLANTATION

Stent implantation was performed successfully in 12 pigs (three ves-
sels per pig) with no differences in quantitative coronary analysis
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(QCA) data including in-stent minimum lumen diameter and stent

length. All pigs survived the study period without illness.

ACETYLCHOLINE CHALLENGE TEST

Acetylcholine challenge tests were performed successfully in six
mini swine at one month following stent implantation. All DES
showed vasoconstriction in both the proximal and distal stent
edge segments following acetylcholine administration. The extent
of vasoconstriction in the proximal edge showed a trend towards
being greatest in SES, less in BES, and least in EES. However, the
differences were not significant (Table 1, Figure 2). The distal seg-
ments showed similar results, with a trend towards greater vaso-
constriction with SES compared with EES and BES, but, again, the

differences were not significant.

Proximal edge Distal edge
- EES BES SES EES BES SES___ |
-5 F -5
-10 F-10
-15 F-15
—20 F-20
—25 F-25
-30 F-30
p=0.43 p=0.19

-35- --35
(%) (%)

Figure 2. Change in minimal lumen diameter following acetylcholine
administration. Observed lumen diameter reduction is expressed as
the percentage of lumen diameter reduction observed after
nitroglycerine administration.

OPTICAL COHERENCE TOMOGRAPHY EXAMINATION

OCT images were obtained successfully from all stented segments,
but one lesion with BES showed poor image quality and was excluded
from the analysis. Stent length and stent area were similar among the
three groups; however, the average neointimal thickness was smallest
in SES followed by BES and EES (0.10+0.63 mm, 0.20+0.10 mm,
and 0.27+0.98 mm, respectively, p=0.006). On the other hand, as
shown in Table 2, qualitative OCT analysis demonstrated the greatest
incidence of uncovered struts in SES, followed by BES, while EES
showed almost complete stent coverage (41.7+27.0%, 24.5+23.8%,
and 0.4+0.8%, respectively, p=0.004) (Figure 3).

Table 1. Minimal lumen diameter change following acetylcholine administration at 1 month.

Proximal edge Distal edge
MLD Baseline | MLD 10-6 mol/L | MLD 10-5 mol/L| MLD Minimum | MLD Baseline |MLD 10-6 mol/L | MLD 10-5 mol/L| MLD Minimum
EES (n=6) 0.98+0.11 0.91+0.17 0.92+0.14 0.87+0.13 1.00+0.26 0.900.07 0.90+0.11 0.87+0.08
BES (n=5) 0.91+0.09 0.83+0.10 0.81+0.08 0.79+0.08 1.00+0.18 0.90+0.17 0.91+0.21 0.87+0.18
SES (n=6) 0.92+0.14 0.83+0.24 0.82+0.21 0.75+0.22 1.00+0.10 0.93+0.08 0.85+0.16 0.82+0.13
p-value 0.52 0.66 0.44 0.43 1.00 0.89 0.80 0.79
Data are expressed as ratio of minimal lumen diameter (MLD) after acetylcholine to MLD following nitroglycerine injection.
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Table 2. OCT analysis at 1 month.

Table 3. Histomorphometric analyses from 3-month implants.

Measurements ‘ EES n=6 ‘ BES n=5 ‘ SES n=6 ‘p—value Measurements ‘ EES n=6 ‘ BES n=5 ‘ SES n=6 | p-value
Stent length (mm) 16.5+0.9 17.3x1.6 16.3£1.9 0.51 EEL area (mm?) 7.50+0.66 8.21+0.89 847+2.09 | 0.46
Stent area (mm?) 7.2+0.8 7.3+0.6 6.8+1.3 0.62 Stent area (mm?) 6.19+0.50 | 6.83+0.77 | 6.74x150 | 0.52
MSA (mm?) 6.5+0.6 6.7+0.6 5.6+1.9 0.35 Lumen area (mm?) 3.31+0.88 | 3.07+1.34 | 1.67+0.73* | 0.03
MLA (mm?) 3.5+1.4 3.6+0.6 3.5+1.1 0.98 Neointimal area (mm?) 2.88+047 | 3.76+091 | 5.07+1.54** | 0.01

% Area stenosis 31.5+115 | 24.0+122 | 14.1+7.0* 0.035

Area stenosis (%) 47.23+10.77 | 56.00+16.87 | 75.91+9.80* | 0.0047

EES BES SES

Figure 3. Representative images from OCT examination at one

month. Note that uniform stent strut coverage was observed in EES,
whereas BES and SES showed uncovered struts with relatively
uneven neointimal growth.

HISTOLOGIC OBSERVATIONS

THREE-MONTH GROUP

All DES showed patent lumens with no thrombus formation at three
months, except for one BES, which displayed total occlusion by an
organised thrombus. A total of 32 sections for SES and 36 sections
for BES and EES were analysed. Mild neointimal formation was
observed in EES and BES, whereas SES showed a relatively large
amount of neointimal formation which was significantly greater than
that in EES and BES. The accelerated neointimal formation in SES
was demonstrated by an increased inflammatory reaction including
a significantly greater granulomatous reaction along with giant cell
infiltration. A higher injury score was obtained in SES compared with
EES and BES due to a greater inflammatory reaction which extended
to the adventitial area. There were no significant differences between
EES and BES in various parameters including inflammatory reaction
and neointimal formation (Table 3, Figure 4).

SIX-MONTH GROUP

All DES showed patent lumens with no thrombus formation at
six months. A total of 36 sections for each DES were analysed.
Moderate neointimal formation was observed in all DES, but did
not differ significantly among the groups. However, SES demon-
strated a significantly increased inflammatory reaction compared
with EES and BES, including a greater granulomatous reaction,
which led to a greater injury score. Similar to the three-month
results, there were no significant differences between EES and BES

Neointimal thickness (mm) | 0.27+0.98 | 0.20+0.10 | 0.10+0.63* | 0.006 Neointimal thickness (mm) 0.39+0.09 0.50£0.22 | 0.80+0.24* | 0.0083
Neointimal area (mm?) 2.2+0.6 1.7+0.9 0.9+0.5* 0.005 Injury score 0454022 | 0.78+059 | 1.64+057* | 0.0022
% Uncovered struts 0.4+0.8 24.5+23.8 | 41.7x27.0% | 0.004 Fibrin score 0.330.35 | 0.75+0.79 0.31+0.29 | 0.29
Thrombus, n (%) 0 0 1(17) Struts with granuloma (%) | 2.32+349 | 5.05+7.31 |4547+34.06* | 0.0033
*Significantly different from EES. MLA: minimum lumen area; MSA: minimum stent area Inflammatory score 0.50+0.42 0.80+0.88 | 2.92+1.42* | 0.0014
Giant cells (%) 1.98+2.08 | 2.08+0.85 |43.65+22.67* | 0.0001

*Significantly different from EES and BES. **Significantly different from EES. EEL: external
elastic lamina

Histology at 3 months

EES

BES

SES

Figure 4. Representative histologic images at three months. Mild
neointimal formation was observed in EES and BES, whereas SES
showed a relatively large amount of neointimal formation (A-F). The
accelerated neointimal formation in SES was accompanied by an
increased inflammatory reaction compared with EES and BES (G-I).

in various histologic parameters with a minimal inflammatory reac-
tion in both groups (Table 4, Figure 5).

Discussion

The major findings of the current study were: 1) minimal uncovered
struts by OCT examination at one month in EES compared to BES
and SES; 2) a trend towards greater vasoconstriction following ace-
tylcholine administration in SES compared to BES and EES; and
3) consistent increase in inflammatory reaction with SES, whereas
EES and BES showed minimal inflammation even at six months.

ACETYLCHOLINE CHALLENGE TEST AND OCT EXAMINATION
In addition to carrying out a long-term biocompatibility investi-
gation, we performed acetylcholine challenge testing and OCT



Table 4. Histomorphometric analyses from 6-month implants.

Measurements EES n=6 BES n=6

SES n=6 | p-value

EEL area (mm?) 7.02+0.93 | 8.01+1.07 | 7.30+1.87 | 0.44
Stent area (mm?) 5.93+0.74 | 6.79+0.85 | 5.86+1.23 | 0.21
Lumen area (mm?) 240147 | 291+1.40 | 1.83+0.68 | 0.34
Neointimal area (mm?) 3.53+1.00 | 3.88+0.70 | 4.04+0.66 | 0.54

60.99+20.52 | 58.62+14.73 | 69.44+6.29 | 0.44

0.53+0.23 | 0.48+0.14 | 0.58+0.05 | 0.56
Injury score 0.87+0.65 | 0.97+0.34 | 1.71+0.71* | 0.05
Fibrin score 0.03+0.7 0 0 0.39

Area stenosis (%)

Neointimal thickness (mm)

Struts with granuloma (%) 1.57+2.49 | 0.25+0.61 | 27.09+36.94 | 0.08
Inflammatory score 0.39+0.60 0.28+0.29 | 1.63+1.53* | 0.049
Giant cells (%) 3.56+7.22 | 0.25+0.62 | 27.73+37.86 | 0.09

*Significantly different from EES and BES. EEL: external elastic lamina

Histology at 6 months

Figure 5. Representative histologic images at six months. Moderate
neointimal formation was observed in all DES with no significant
difference among the groups (A-F). SES demonstrated a significantly
increased inflammatory reaction, including a greater granulomatous
reaction, compared with EES and BES (G-I).

imaging at one month in order to compare differences in early arte-
rial healing among the DES devices tested. Despite limitations,
it seems probable that the reaction of normal porcine coronary
arteries to stent implantation at one month is reasonably similar
to human coronary responses at about six to nine months when
carly arterial healing and device efficacy can best be evaluated's.
Acetylcholine challenge testing showed an insignificant trend
towards the greatest paradoxical vasoconstriction in SES with less
in BES and the least in EES. Although the differences were not
significant, these findings appear to correlate to some degree with
stent strut coverage as examined by OCT imaging, in which SES
showed the greatest incidence of “uncovered struts”, with fewer in
BES and the least in EES. Paradoxical vasoconstriction following
acetylcholine administration is considered to be a surrogate marker

Durable vs. biodegradable polymer DES

for endothelial dysfunction. Fujii et al have reported that in a clini-
cal setting paradoxical vasoconstriction produced by acetylcholine
was associated with stent strut coverage as determined by OCT
examination in patients with DES implants'’. Shinke et al demon-
strated in a one-month porcine model that endothelium-dependent
vasomotor function was diminished in first-generation DES com-
pared with bare metal stents in association with less neointimal
coverage and higher fibrin deposition assessed by histology and
angioscopy. Their findings are consistent with those of the cur-
rent study'®.

In the current study, OCT examination confirmed that SES
showed greater delayed arterial healing compared with second-gen-
eration DES, i.e., EES'*?!. On the other hand, BES showed a rela-
tively higher incidence of uncovered struts compared with EES,
although the difference did not reach statistical significance. This
finding may be related to thicker stent struts, a higher drug dos-
age, and longer drug release?. The rate of early vascular healing is
determined principally by parameters such as strut thickness, drug
type and dose, and drug release kinetics.

BIOCOMPATIBILITY EXAMINATION BY HISTOLOGY

Histologic examination revealed a consistent increased inflam-
matory reaction in SES at both three and six months, whereas
EES and BES showed minimal inflammation during the study
period. These findings confirm the lack of biocompatibility of
SES, which is consistent with previous preclinical studies and
clinical findings®!*!'23, Together, these findings suggest that our
study model was able to determine long-term biocompatibility. In
this study, both BES and EES were far more biocompatible than
SES. At the same time, it should also be stressed that durable pol-
ymer-based EES showed a similar safety profile compared with
biodegradable polymer-based BES. Therefore, it is fair to men-
tion that polymer degradation may be less critical in determining
late inflammatory reactions than biocompatibility. Furthermore,
Kolandaivelu et al reported recently that fluoropolymer applied in
everolimus-eluting stents can be antithrombotic when compared
to bare metal stents*.

As mentioned above, although the porcine coronary model used
in the current study is considered suitable for biocompatibility test-
ing, animal models are not perfect. The major limitation of device
testing in preclinical studies is that the turnover and prolifera-
tion in animals is much faster than in humans and, although drug
release kinetics in DES do not vary between species, the possibil-
ity of a different response between animals and humans does exist.
In the current study, extending the study period to one year may
be appropriate, since the completion of polymer biodegradation in
BES takes six to nine months®. However, we believe that the six-
month period was sufficient to evaluate long-term biocompatibility
because, even in clinical settings, unfavourable vascular responses
such as peri-stent contrast staining or malapposition rarely occur
after eight months of follow-up if there are no such signs at ear-
lier follow-up®. Given the fact that biological responses occur
much faster in animals, the six-month period in the porcine model
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should be a much later time point than the eight-month follow-up
in humans.

Recently, a network meta-analysis was performed which
reported a significantly lower incidence of definite stent thrombo-
sis in cobalt-chromium EES compared with other DES including
SES at one year?”. Similarly, in the LEADERS trial, biodegradable
polymer BES showed a significantly lower rate of very late stent
thrombosis compared with durable polymer SES, which was even-
tually associated with better composite clinical outcomes??*. These
clinical data clearly demonstrate that newer-generation DES have
achieved a steady improvement in terms of safety as well as effi-
cacy since the first-generation DES era. However, several studies,
including the COMPARE II trial*’, showed no difference in clinical
outcomes between biodegradable-polymer DES and newer-gener-
ation durable-polymer DES at one year. Our results suggest similar
biocompatibility between EES and BES, and both DES were found
to be far more biocompatible than SES, which was consistent with
the other clinical studies.

Limitations

There are limitations to the current study. We used a limited num-
ber of animals/stent (n=6 each) per time point. Therefore, some
results, such as the acetylcholine challenge testing, did not reach
statistical significance. However, this is a preclinical study using
juvenile mini swine. The variability between individual pigs
receiving stents is not as high as that of humans with a different
extent and duration of coronary artery disease and more variable

reactions.

Conclusion

While SES consistently showed a progressive increase in inflam-
matory reactions, EES and BES showed minimal inflammation
even on long-term follow-up. The current study suggests that the
reduced inflammatory reaction appeared to depend more upon bio-
compatibility of the combination of DES components rather than
solely on the degradability of the polymer.

Impact on daily practice

It is generally believed that biodegradable polymer-based drug-
eluting stents (DES) are safer than those with permanent poly-
mer, since some permanent polymers are reported to induce
inflammatory reactions while biodegradable polymers eventu-
ally disappear leaving the metal stent only. However, our find-
ings suggest that the inflammatory reaction appears to depend
more upon biocompatibility of the combination of DES com-
ponents rather than solely on the degradability of the polymer.
Based on the current study, biocompatible permanent polymer-
based DES or biodegradable polymer-based DES can be equally
used in daily practice.

Funding
This study is in part supported by Abbott Vascular Japan.

Conflict of interest statement

G. Nakazawa is a consultant for Abbott Vascular Japan, Terumo
Corp., and Japan Stent Technology. The other authors have no con-
flicts of interest to declare.

References

1. Morice MC, Serruys PW, Sousa JE, Fajadet J, Ban Hayashi E,
Perin M, Colombo A, Schuler G, Barragan P, Guagliumi G,
Molnar F, Falotico R: RAVEL Study Group. A randomized com-
parison of a sirolimus-eluting stent with a standard stent for coro-
nary revascularization. N Engl J Med. 2002;346:1773-80.

2. Moses JW, Leon MB, Popma JJ, Fitzgerald PJ, Holmes DR,
O’Shaughnessy C, Caputo RP, Kereiakes DJ, Williams DO,
Teirstein PS, Jaeger JL, Kuntz RE; SIRIUS Investigators. Sirolimus-
eluting stents versus standard stents in patients with stenosis in a
native coronary artery. N Engl J Med. 2003;349:1315-23.

3. McFadden EP, Stabile E, Regar E, Cheneau E, Ong AT,
Kinnaird T, Suddath WO, Weissman NJ, Torguson R, Kent KM,
Pichard AD, Satler LF, Waksman R, Serruys PW. Late thrombosis
in drug-eluting coronary stents after discontinuation of antiplatelet
therapy. Lancet. 2004;364:1519-21.

4. Pfisterer M, Brunner-La Rocca HP, Buser PT, Rickenbacher P,
Hunziker P, Mueller C, Jeger R, Bader F, Osswald S, Kaiser C;
BASKET-LATE Investigators. Late clinical events after clopi-
dogrel discontinuation may limit the benefit of drug-eluting stents:
an observational study of drug-eluting versus bare-metal stents.
J Am Coll Cardiol. 2006;48:2584-91.

5. Camenzind E, Steg PG, Wijns W. Stent thrombosis late after
implantation of first-generation drug-eluting stents: a cause for con-
cern. Circulation. 2007;115:1440-55.

6. Joner M, Finn AV, Farb A, Mont EK, Kolodgie FD, Ladich E,
Kutys R, Skorija K, Gold HK, Virmani R. Pathology of drug-elut-
ing stents in humans: delayed healing and late thrombotic risk. J Am
Coll Cardiol. 2006;48:193-202.

7. Nakazawa G, Finn AV, Joner M, Ladich E, Kutys R, Mont EK,
Gold HK, Burke AP, Kolodgie FD, Virmani R. Delayed arterial
healing and increased late stent thrombosis at culprit sites after
drug-eluting stent placement for acute myocardial infarction
patients: an autopsy study. Circulation. 2008;118:1138-45.

8. Palmerini T, Biondi-Zoccai G, Riva DD, Mariani A, Savini C,
Di Eusanio M, Genereux P, Frati G, Marullo AG, Landoni G,
Greco T, Branzi A, De Servi S, Di Credico G, Taglieri N,
Williams MR, Stone GW. Risk of stroke with percutaneous coro-
nary intervention compared with on-pump and off-pump coronary
artery bypass graft surgery: evidence from a comprehensive net-
work meta-analysis. Am Heart J. 2013;165:910-7.

9. Nakazawa G, Otsuka F, Nakano M, Vorpahl M, Yazdani SK,
Ladich E, Kolodgie FD, Finn AV, Virmani R. The pathology of neo-
atherosclerosis in human coronary implants bare-metal and drug-
eluting stents. J Am Coll Cardiol. 2011;57:1314-22.

10. Virmani R, Guagliumi G, Farb A, Musumeci G, Grieco N,
Motta T, Mihalcsik L, Tespili M, Valsecchi O, Kolodgie FD.
Localized hypersensitivity and late coronary thrombosis secondary



to a sirolimus-eluting stent: should we be cautious? Circulation.
2004;109:701-5.

11. Nakazawa G, Finn AV, Ladich E, Ribichini F, Coleman L,
Kolodgie FD, Virmani R. Drug-eluting stent safety: findings from
preclinical studies. Expert Rev Cardiovasc Ther. 2008;6:1379-91.

12. Virmani R, Kolodgie FD, Farb A, Lafont A. Drug eluting stents:
are human and animal studies comparable? Heart. 2003;89:133-8.

13. Nakamura T, Brott BC, Brants I, Panchal D, Li J, Chen JP,
King SB 3rd, Chronos N, Hou D. Vasomotor function after pacli-
taxel-coated balloon post-dilation in porcine coronary stent model.
JACC Cardiovasc Interv. 2011;4:247-55.

14. Schwartz RS, Huber KC, Murphy JG, Edwards WD,
Camrud AR, Vlietstra RE, Holmes DR. Restenosis and the propor-
tional neointimal response to coronary artery injury: results in a
porcine model. J Am Coll Cardiol. 1992;19:267-74.

15. Granada JF, Inami S, Aboodi MS, Tellez A, Milewski K,
Wallace-Bradley D, Parker S, Rowland S, Nakazawa G, Vorpahl M,
Kolodgie FD, Kaluza GL, Leon MB, Virmani R. Development of a
novel prohealing stent designed to deliver sirolimus from a biode-
gradable abluminal matrix. Circ Cardiovasc Interv. 2010;3:257-66.

16. Virmani R, Farb A, Guagliumi G, Kolodgie FD. Drug-eluting
stents: caution and concerns for long-term outcome. Coron Artery
Dis. 2004;15:313-8.

17. Fujii K, Kawasaki D, Oka K, Akahori H, Fukunaga M,
Sawada H, Masutani M, Lee-Kawabata M, Tsujino T, Ohyanagi M,
Masuyama T. Endothelium-dependent coronary vasomotor
response and neointimal coverage of zotarolimus-eluting stents 3
months after implantation. Heart. 2011;97:977-82.

18. Shinke T, Li J, Chen JP, Pendyala L, Goodchild T, Jabara R,
Geva S, Ueno T, Chronos N, Robinson K, Hou D. High incidence
of intramural thrombus after overlapping paclitaxel-eluting stent
implantation: angioscopic and histopathologic analysis in porcine
coronary arteries. Circ Cardiovasc Intery. 2008;1:28-35.

19. Takano M, Murakami D, Yamamoto M, Kurihara O, Murai K,
Inami T, Kimata N, Ohba T, Seino Y, Mizuno K. Six-month follow-
up evaluation for everolimus-eluting stents by intracoronary optical
coherence tomography: comparison with paclitaxel-eluting stents.
Int J Cardiol. 2013;166:181-6.

20. Joner M, Nakazawa G, Finn AV, Quee SC, Coleman L,
Acampado E, Wilson PS, Skorija K, Cheng Q, Xu X, Gold HK,
Kolodgie FD, Virmani R. Endothelial cell recovery between com-
parator polymer-based drug-eluting stents. J Am Coll Cardiol.
2008;52:333-42.

21. Guagliumi G, Sirbu V. Optical coherence tomography: high
resolution intravascular imaging to evaluate vascular healing after
coronary stenting. Catheter Cardiovasc Interv. 2008;72:237-47.

22. Nakazawa G, Finn AV, Kolodgie FD, Virmani R. A review of
current devices and a look at new technology: drug-eluting stents.
Expert Rev Med Devices. 2009;6:33-42.

23. Pendyala LK, Matsumoto D, Shinke T, Iwasaki T, Sugimoto R,
Hou D, Chen JP, Singh J, King SB 3rd, Chronos N, Li J. Nobori

Durable vs. biodegradable polymer DES

stent shows less vascular inflammation and early recovery of
endothelial function compared with Cypher stent. JACC Cardiovasc
Interv. 2012;5:436-44.

24. KolandaiveluK, Swaminathan R, Gibson WJ, Kolachalama VB,
Nguyen-Ehrenreich KL, Giddings VL, Coleman L, Wong GK,
Edelman ER. Stent thrombogenicity early in high-risk interven-
tional settings is driven by stent design and deployment and pro-
tected by polymer-drug coatings. Circulation. 2011;123:1400-9.

25. Ostojic M, Sagic D, Jung R, Zhang YL, Nedeljkovic M,
Mangovski L, Stojkovic S, Debeljacki D, Colic M, Beleslin B,
Milosavljevic B, Orlic D, Topic D, Karanovic N, Paunovic D,
Christians U; NOBORI PK Investigators. The pharmacokinetics of
Biolimus A9 after elution from the Nobori stent in patients with coro-
nary artery disease: the NOBORI PK study. Catheter Cardiovasc
Interv. 2008;72:901-8.

26. Imai M, Kadota K, Goto T, Fujii S, Yamamoto H, Fuku Y,
Hosogi S, Hirono A, Tanaka H, Tada T, Morimoto T, Shiomi H,
Kozuma K, Inoue K, Suzuki N, Kimura T, Mitsudo K. Incidence,
risk factors, and clinical sequelae of angiographic peri-stent con-
trast staining after sirolimus-eluting stent implantation. Circulation.
2011;123:2382-91.

27. Palmerini T, Biondi-Zoccai G, Della Riva D, Stettler C,
Sangiorgi D, D’Ascenzo F, Kimura T, Briguori C, Sabate M,
Kim HS, De Waha A, Kedhi E, Smits PC, Kaiser C, Sardella G,
Marullo A, Kirtane AJ, Leon MB, Stone GW. Stent thrombosis
with drug-eluting and bare-metal stents: evidence from a compre-
hensive network meta-analysis. Lancet. 2012;379:1393-402.

28. Serruys PW, Farooq V, Kalesan B, de Vries T, Buszman P,
Linke A, Ischinger T, Klauss V, Eberli F, Wijns W, Morice MC, Di
Mario C, Corti R, Antoni D, Sohn HY, Eerdmans P, Rademaker-
Havinga T, van Es GA, Meier B, Jiini P, Windecker S. Improved
safety and reduction in stent thrombosis associated with biodegrad-
able polymer-based biolimus-eluting stents versus durable poly-
mer-based sirolimus-eluting stents in patients with coronary artery
disease: final 5-year report of the LEADERS (Limus Eluted From
A Durable Versus ERodable Stent Coating) randomized, noninferi-
ority trial. JACC Cardiovasc Interv. 2013;6:777-89.

29. Stefanini GG, Kalesan B, Serruys PW, Heg D, Buszman P,
Linke A, Ischinger T, Klauss V, Eberli F, Wijns W, Morice MC, Di
Mario C, Corti R, Antoni D, Sohn HY, Eerdmans P, van Es GA,
Meier B, Windecker S, Jiini P. Long-term clinical outcomes of bio-
degradable polymer biolimus-eluting stents versus durable polymer
sirolimus-eluting stents in patients with coronary artery disease
(LEADERS: 4 year follow-up of a randomised non-inferiority trial.
Lancet. 2011;378:1940-8.

30. Smits PC, Hofma S, Togni M, Vazquez N, Valdes M,
Voudris V, Slagboom T, Goy JJ, Vuillomenet A, Serra A, Nouche RT,
den Heijer P, van der Ent M. Abluminal biodegradable polymer
biolimus-eluting stent versus durable polymer everolimus-eluting
stent (COMPARE 1I): a randomised, controlled, non-inferiority
trial. Lancet. 2013;381:651-60.

m
=
=
=
=
=3
(1]
2
(1]
=
=
o
=
N
o
—
%
—
=
~
—_
~
'
~
N
w




