
Experimental Efficacy of an Everolimus Eluting
Cobalt Chromium Stent

Andrew J. Carter,1* DO, Anastasia Brodeur,1 Robin Collingwood,1 Sarah Ross,1

Lori Gibson,1 DVM, Chi-An Wang,2 Scott Haller,1 MS, Leslie Coleman,2 DVM,
and Renu Virmani,3 MD

Introduction: Rapamycin and its analogs are now being coated on different stent plat-
forms, using different polymer matrices to prevent restenosis by impairing vascular
smooth muscle cell proliferation and neointimal formation. Methods: We evaluated the
feasibility and compared the efficacy of biostable polymeric everolimus and sirolimus
(CYPHER1, Cordis) eluting stents in a porcine coronary model. Cobalt chromium bal-
loon expandable stents (ML VISION1, Guidant) were coated with a polymer containing
everolimus (190 mg/cm2). Twelve pigs underwent placement of 36 oversized sirolimus
(n 5 12), everolimus (n 5 12), and bare metal (cobalt chromium, n 5 12) stents in the
coronary arteries. Results: At day 28, vessel injury scores were low (<0.25) and similar
between each of the three test groups. The mean neointimal thickness was signifi-
cantly lower in the everolimus- (0.13 6 0.07 mm, P 5 0.02) and sirolimus-eluting stents
(0.13 6 0.08 mm, P 5 0.04) versus the bare metal stents (0.20 6 0.07 mm). The mean
percent area stenosis was similar for the everolimus-eluting stents [(20.8 6 6.9)%] and
the sirolimus-eluting stents [(20.8 6 7.6)%], and each was significantly less than that of
bare metal stents [(26.1 6 7.8)%, P 5 0.05]. Conclusion: Stent-based delivery of siroli-
mus and everolimus delivered via durable polymeric matrices are equally effective in
the suppression of neointimal formation at day 28 in the porcine coronary model. Fur-
ther study is necessary to document dose response and long-term comparative effects
of these drug-eluting stents. ' 2006 Wiley-Liss, Inc.
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INTRODUCTION

Drug-eluting stents have emerged as the most effective
strategy for the prevention of restenosis. Stent based-deliv-
ery of potent cell cycle inhibitors, paclitaxel (TAXUS1,
Boston Scientific) and sirolimus (CYPHER1, Cordis)
significantly reduced the probability for restenosis in
comparison with bare metal stents [1–4]. These com-
bined drug and device therapies, presently used in more
than 80% of PCI at our institution, have transformed the
practice of interventional cardiology. The introduction
of drug-eluting stents has also identified the need for de-
vice refinement to improve stent and drug delivery so as
to treat more complex coronary lesions and further im-
prove clinical outcomes.
Preliminary results from a multicenter randomized

comparison of these first generation polymeric sirolimus-
eluting and paclitaxel-eluting stents revealed a similar
level of acute procedural success (�95%) in patients with
focal native coronary arterial lesions [5]. The primary
determinant of acute procedural success was the ability
to deliver a CYPHER or TAXUS stent to the target
lesion. The first generation drug-eluting stents have
tubular stainless steel geometries with strut thickness

greater than 0.005 in. Metallic stents manufactured
from other alloys, such as cobalt chromium, have theo-
retical advantages of maintaining functional properties
of the stent, compressive resistance and radiopacity,
with similar geometries as stainless steel designs but
with a lower strut profile (0.003 in) [6]. The physical
characteristics of cobalt alloys enable the design of
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low-profile stent and delivery systems with longitudinal
flexibility to potentially facilitate access to coronary
lesions in complex and tortuous anatomy.
Everolimus is an immunosuppressive macrolide bear-

ing a stable 2-hydroxyethyl chain substitution at posi-
tion 40 on the sirolimus (rapamycin) structure. Everoli-
mus, which has greater polarity than sirolimus, was
developed in an attempt to improve the oral bioavaila-
bility of sirolimus [7]. Everolimus has a mechanism of
action similar to that of sirolimus [7,8]. Everolimus,
like sirolimus, is a cytostatic inhibitor of cellular prolif-
eration in the late G1 phase of the cell cycle via effects
on cyclin-dependent kinases and inactivation of mTOR
(molecular Target of Rapamaycin). Everolimus binds
the intracellular receptor FKBP-12 (FK506-binding pro-
tein 12) and forms a complex with mTOR to inhibit its
activation. In vitro, everolimus and sirolimus demon-
strate equipotent inhibition of smooth muscle cell pro-
liferation at subnanomolar concentrations following
stimulation with fetal calf serum [9]. Farb et al. demon-
strated dose-dependent inhibition of neointimal forma-
tion with oral administration of everolimus in a rabbit
iliac stent model [10]. The purpose of the present study
was to determine the feasibility and efficacy of a poly-
meric everolimus-eluting cobalt chromium stent. The
histological endpoints for the everolimus-eluting stents
were compared with bare metal cobalt chromium and a
polymeric sirolimus-eluting stent.

METHODS

The experimental protocol was approved by the
Institutional Animal Care and Use Committee and con-
formed to the guidelines of the American Heart Asso-
ciation for experimental research. Cobalt chromium
balloon expandable tubular 3.0-mm diameter and 12-mm
long stents (ML VISION1, Guidant, Santa Clara, CA)
were coated with a thin layer of a nonerodable copoly-
mer (polyvinylidine fluoride and hexafluoropropylene)
containing everolimus (190 lg/cm2, 40-O-(2-hydroxy-
ethyl)-rapamycin, Novartis, Basel, Switzerland; Fig. 1).
The drug load for everolimus was selected to achieve a
similar quantity of compound per unit surface area of stent
as a sirolimus-eluting stent [11]. Pharmacokinetic studies
demonstrated �80% drug release at day 28. Commercially
available stainless steel balloon expandable 3.0-mm diam-
eter and 13-mm long stents coated with a co-polymer con-
taining sirolimus (�140 lg/cm2; CYPHER1, Cordis,
Johnson and Johnson, Warren, NJ) were used as posi-
tive controls for comparison with everolimus-eluting
stents [11].
The stents were randomly implanted into the right,

left anterior descending, or left circumflex coronary ar-

tery of 12 juvenile farm swine (35–50 kg), following
premedication with aspirin 650 mg, clopidogrel 150 mg,
and nifedepine extended release 30 mg by mouth at least
12 hr prior to the procedure. The guide catheter was used
as a visual reference to obtain 10–20% oversizing as
compared with baseline vessel diameter. Stents were
implanted using one balloon inflation (9–16 atm) for
�30 sec. Coronary angiography was then completed to
document the placement of the stents. Animals were
allowed to recover and returned to care facilities where
they received a normal diet, aspirin 81 mg and clopi-
dogrel 75 mg daily for the duration of the study. After
28 days, following coronary angiography, the animals
were killed, hearts were harvested, and coronary arteries
were perfused at 100 mm Hg via the aortic stump, with
lactated Ringer’s solution followed by 10% neutral buf-
fered formalin for histological sections to determine treat-
ment effect.

Quantitative Coronary Angiography Analysis

Coronary angiograms at baseline, after stent deploy-
ment and at day 28, were saved to a CD-ROM disk in
a standard DICOM format. The angiograms were ana-
lyzed on a PC-based quantitative coronary angiography
(QCA) analysis software program (QCA-CMS1, MEDIS
medical imaging systems, The Netherlands). The guiding
catheter served as a reference for calibration for all mea-
surements. Measurements included mean baseline vessel
diameter, balloon inflated diameter, poststent minimal
lumen diameter, and the reference vessel diameter at day
28, minimal lumen diameter, and percent diameter ste-
nosis. The balloon to artery ratio was calculated as the
mean balloon inflated diameter/mean baseline vessel
diameter. The percent diameter stenosis was calculated
as: 100 3 [1 � (minimal lumen diameter/reference
vessel diameter)].

Histology

A single independent observer completed all histopa-
thologic analyses. According to published methods,
stented coronary artery segments were processed for
plastic embedding, staining, and histomorphometric anal-
ysis of three sections (proximal, mid, distal) to evaluate
the neointimal response and the presence of inflamma-
tion, granulomas, percent fibrin deposition, degree of
luminal endothelialization, and vessel wall injury [12–
14]. Vessel wall injury scores were calculated accord-
ing to a modified method of Schwartz, in which the
median injury score was identified in each section and
for the stent [12]. Percent fibrin was determined as the
percentage of stent struts in the cross section with re-
sidual fibrin deposition in the neointima. Percent endo-
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thelium was defined as the percentage of the lumen
circumference covered by endothelial cells. Vessel mor-
phometry was completed with a digital software program
(IP Lab v3.2.4, Scanalytics, Fairfax, VA).

Statistical Analysis

The morphometric measurements from each of the
3-stent sections were summed and divided by 3 to gen-
erate the mean value for each parameter within the
stent. For continuous variables, such as morphometric
parameters, the mean differences between treatment
groups were tested with ANOVA. For morphologic
parameters, scores were assigned to each of the three
sections within the stented segment, and the median
value was used as the score for the stent. The data were
ranked within each cohort and stratified. An ANOVA
was performed on these ranks. Categorical data were
compared with chi-square analysis. Data are expressed
as mean 6 SD unless otherwise stated. All statistical
analyses were performed with SAS1 system software.

RESULTS

Quantitative Coronary Angiography

The QCA measurements at implant and at day 28
for each group are summarized in Table I. There were
no significant differences in implant parameters be-
tween either drug-coated or bare metal groups. At day
28, all vessels remained patent and free from intralu-
minal filling defect, aneurysm formation, or side-branch
occlusion. There was a trend toward reduction in the
percent diameter stenosis for both the everolimus-
[(4.32 6 5.66)%] and the sirolimus-eluting stents [(5.52 6
12.64)%] versus the bare metal control [(11.34 6 7.25)%]
(Table I).

Histology and Morphometric Analysis

The histomorphometry for the bare metal, everoli-
mus, and sirolimus stents is summarized in Table II.
Vessel injury scores were low (<0.25) and were not
significantly different between each of the three groups.
The mean neointimal thickness was significantly lower
in the everolimus- (0.13 6 0.07 mm, P ¼ 0.02) and

Fig. 1. This diagram depicts the chemical structure of the macrocylic lactone everolimus (MW
958.25). R2 denotes the location of a hydroxyethyl chain at position number 40.
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sirolimus-eluting stents (0.13 6 0.08 mm, P ¼ 0.04)
versus the bare metal stents (0.20 6 0.07 mm; Fig. 2).
The mean percent area stenosis was similar for the
everolimus-eluting stents [(20.8 6 6.9)%] and the siroli-
mus-eluting stents [(20.8 6 7.6)%], and each was sig-
nificantly less than bare metal stents [(26.1 6 7.8)%,
P ¼ 0.05].
Light microscopy documented less neointimal for-

mation for everolimus and sirolimus stents versus bare
metal stents (Fig. 3). The neointima of the everolimus-
and sirolimus-eluting stents consisted of smooth muscle
cells and matrix proteoglycans, with regions of residual
fibrin deposition adjacent to the stent struts. The percent-
age of stent struts with residual fibrin deposition was sig-
nificantly greater in the everolimus and sirolimus treat-
ment groups (�45%) versus bare metal group (12.8%,
P < 0.0001; Table III). Strut-associated inflammation
scores and the percentage of struts with granulomas were
similar for the cobalt chromium, everolimus-eluting,
and sirolimus-eluting stents. All sections demonstrated
nearly complete endothelialization of the luminal sur-
face by light microscopy at day 28.

DISCUSSION

The present study documents the feasibility and effi-
cacy of a novel low strut profile balloon expandable
polymeric everolimus-eluting stent in a porcine coronary
model. Histological observations demonstrated a similar

morphological appearance and equivalent suppression of
neointimal formation for the polymeric everolimus-
eluting stent as compared with a polymeric sirolimus-
eluting stent. In this naive porcine coronary artery model
of oversized stent placement, histomorphometry demon-
strated a similar reduction (�35%) of neointima for the
everolimus-eluting stents as compared with that for the
sirolimus-eluting stents at day 28. Therefore, this low
strut profile polymeric slow release everolimus-eluting
stent appears to be a potentially viable clinical alter-
native to the higher strut profile polymeric sirolimus-
eluting stent for the prevention of restenosis.

TABLE I. Summary of Quantitative Coronary Angiography for Bare Metal Cobalt Chromium, Everolimus-Eluting, and
Sirolimus-Eluting Stents at Implant and 28 Days After Placement in Normal Porcine Coronary Arteries

At implant After 28 days

Group

Baseline

diameter

(mm)

Balloon

diameter

(mm)

Balloon:

artery

ratio

Reference

diameter

(mm)

Minimal

lumen

diameter (mm)

% Diameter

stenosis

P valuea

vs. control

P valuea

vs. sirolimus

Cobalt Chromium

(n ¼ 12) 2.76 6 0.24 3.29 6 0.22 1.20 6 0.09 2.87 6 0.45 2.56 6 0.54 11.3 6 7.3

Everolimus (n ¼ 12) 2.70 6 0.21 3.18 6 0.19 1.18 6 0.08 2.74 6 0.35 2.62 6 0.37 4.3 6 5.7 0.067 0.747

Sirolimus (n ¼ 12) 2.73 6 0.20 3.20 6 0.15 1.17 6 0.07 2.76 6 0.34 2.60 6 0.43 5.5 6 12.6 0.124

Data are expressed as mean 6 standard deviation.
aP value for comparison of angiographic percent diameter stenosis.

TABLE II. Summary of Histomorphometry Data for Bare Metal Cobalt Chromium, Everolimus, and Sirolimus Stents
at 28 Days After Placement in Normal Porcine Coronary Arteries

Group

EEL area

(mm2)

IEL area

(mm2)

Lumen area

(mm2)

Medial area

(mm2)

Neointimal area

(mm2)

% Area

stenosis

Neointimal

thickness

(mm) Injury score

Cobalt Chromium

(n ¼ 12) 7.75 6 0.93 6.28 6 0.72 4.61 6 0.85 1.48 6 0.26 1.67 6 0.45 26.9 6 7.8 0.20 6 0.07 0.18 6 0.25

Everolimus (n ¼ 12) 7.34 6 0.64 6.09 6 0.53 4.83 6 0.66 1.24 6 0.15 1.26 6 0.43* 20.8 6 6.9
y

0.13 6 0.07
y

0.08 6 0.11

Sirolimus (n ¼ 12) 8.22 6 0.83 6.80 6 0.69 5.41 6 0.90 1.42 6 0.22 1.40 6 0.48 20.8 6 7.6
y

0.13 6 0.08
y

0.15 6 0.25

Data are expressed as mean 6 standard deviation.
*P ¼ 0.03 for everolimus versus cobalt chromium.
y
P � 0.04 for everolimus or sirolimus versus cobalt chromium.

Fig. 2. Bar graph depicts the mean neointimal thickness of
cobalt chromium, everolimus- and sirolimus-eluting stents at
day 28. *P � 0.04 for everolimus and sirolimus versus cobalt
chromium.
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Drug-Eluting Stent Geometry

Single institution randomized clinical trials and exper-
imental studies suggest that stent geometry and strut
thickness affect neointimal formation and restenosis
[15–17]. For tubular stents, strut profile appears to corre-
late with greater late lumen loss and restenosis. The Intra-
coronary Stenting and Angiographic Results: Strut Thick-
ness Effect on Restenosis Outcome (ISAR-STEREO-2)
clinical trial randomly assigned 611 patients with symp-
tomatic coronary artery disease to receive either a thin-
strut (50 lm; Multilink1, Guidant, Santa Clara, Califor-
nia) or a thick-strut (140 lm; BX VelocityTM, Cordis,
Miami, Florida) stent. The frequency of angiographic
restenosis was significantly lower in the lesions treated
with thin-strut stents (17.9%) as compared with the
lesions treated with thick-strut stent (31.4%) [15]. Target
vessel revascularization occurred in 12.3% of the patients

randomized to the thin-strut stents and 21.9% of the
patients treated with the thick-strut stent. Thus, for bare
metal stents some clinical evidence supports that a lower
profile strut stent elicits less angiographic and clinical
restenosis than a thicker-strut stent.
The effects of stent geometry and strut thickness on

neointimal formation and restenosis are presently un-
known for drug-eluting stents. Computational modeling
suggests that stent geometry influences polymeric and
nonpolymeric stent-based delivery of pharmaceutical
compounds to the vessel wall [18]. Stents with open or
closed cell geometries can have different patterns of ves-
sel wall contact that may alter drug delivery and uptake
in the vessel wall. Furthermore, stent design dependent
perturbations of laminar patterns of blood flow generate
abnormal focal or oscillatory shear stress that may alter
drug uptake in the vessel wall and local pharmacody-

Fig. 3. Photomicrographs after oversized bare metal (A), everolimus-eluting (B), and sirolimus-
eluting (C) stents in normal porcine coronary arteries at day 28. Note reduction in neointimal area
for the everolimus- and sirolimus-eluting stents in comparison with bare metal cobalt chromium
control (32 magnification; H&E).

TABLE III. Summary of the Semiquantitative Histological Parameters at 28 Days After Placement of Bare Metal Cobalt
Chromium, Everolimus, and Sirolimus Stents in a Porcine Coronary Model

Group % Struts with fibrin Fibrin score Inflammation score % Struts with granulomas % Endothelialization

Cobalt chromium (n ¼ 12) 5.4 6 5.9 0.08 6 0.15 0.89 6 0.57 1.9 6 6.4 100.0 6 0.0

Everolimus (n ¼ 12) 76.9 6 31.5* 1.36 6 0.66* 0.75 6 0.29 0.4 6 1.3 100.0 6 0.0

Sirolimus (n ¼ 12) 88.4 6 7.7* 1.61 6 0.31* 0.75 6 0.29 0.0 6 0.0 99.3 6 2.1

Data are expressed as mean 6 SD.
*P < 0.0001 for everolimus and sirolimus versus cobalt chromium.
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namics [19,20]. Thus, basic features of stent design, such
as tubular geometry and strut thickness, could be impor-
tant determinants of efficacy for drug-eluting stents.
Histological data from the present study demonstrated

similar mean neointimal area and percent area stenosis
for the thin-strut everolimus-eluting stent as compared
with that for the thick-strut sirolimus-eluting stent at
day 28 in the porcine coronary model. These data sug-
gest that the biological effects of the drug, rather than
the geometric features of a stent, predominates the inhibi-
tion of neointimal formation for strut-based delivery of
a potent lipophilic cell-cycle inhibitor via a biocompatible
polymer matrix. Further studies are necessary to con-
firm these observations, to determine interactions of strut
thickness with stent overlap, and applicably to stent-
based delivery of other compounds with different phys-
ical or biological properties.

Comparison of Clinical Studies with
Everolimus- and Sirolimus-Eluting Stents

Safety, feasibility, and dose-response studies have
been conducted with biodegradable and nonbiodegrad-
able polymeric everolimus-eluting stents. The First Use
To Underscore restenosis Reduction with Everolimus

(FUTURE) I trial was a phase I prospective, single-blind,
randomized clinical trial designed to evaluate the safety
and efficacy of poly-L-lactide everolimus-eluting stents
(197 lg/mm2, 70% drug elution at 30 days) compared
with stainless steel stents [21]. Forty-two patients with
focal de novo native coronary lesions were randomized
to everolimus (n ¼ 27) or bare metal stents (n ¼ 15). The

frequency of binary angiographic in-stent restenosis was
0% versus 9.1%, with an associated late lumen loss of
0.11 mm versus 0.85 mm for everolimus and bare metal
stent groups, respectively. The SPIRIT First Trial was
a multicenter randomized controlled trial conducted to
assess the feasibility and safety of a tubular balloon ex-
pandable cobalt chromium biostable polymeric everolimus-

eluting stent (100 lg/cm2, 80% drug elution at 30 days,
XIENCE21 V Everolimus-Eluting Coronary Stent System,
Guidant Vascular Intervention, Santa Clara, CA) compared
with a metallic stent [22]. At 6 months after treatment,
the primary endpoint, angiographic in-stent late lumen
loss, was significantly less for the everolimus-eluting

stent (0.10 mm) as compared with the metallic stent.
Together, these phase I clinical trials demonstrate similar
biological efficacy of stent-based delivery of everolimus
to inhibit neointimal formation after PCI, despite the dif-
ferent metallic alloys, stent geometry, polymer matrix,
and pharmacokinetic properties of each device. Impor-
tantly, the angiographic late lumen loss observed in the

phase I clinical trials with everolimus-eluting stents is
similar to published reports with polymeric slow release

sirolimus-eluting stents (Cypher, Cordis) [1,2]. Random-
ized clinical trials are necessary to establish the compara-
tive safety and efficacy of this biostable polymeric evero-
limus-eluting cobalt chromium stent with other drug-
eluting stents.

Limitations

The present study was conducted in an experimental

model of restenosis with a limited number of observa-
tions. The biological efficacy observed with polymeric
sirolimus-eluting stents in the porcine coronary model
differs from the human clinical dose response. Therefore,
the observations with everolimus-eluting stents in this
experimental model may not correlate with the clinical

response. The primary objectives of this study were to
document the feasibility, safety, and potential efficacy of
polymeric everolimus-eluting cobalt chromium stent.
Thus, only a single drug dose (�190 lg/cm2 everolimus)
was evaluated in the present study. Further experimental
studies are needed to confirm these preliminary obser-
vations, determine the dose-response, and characterize

in vivo systemic and arterial tissue pharmacokinetics.
Nonetheless, the present experimental study documents
the safety, feasibility, and preliminary efficacy of a
polymeric everolimus-eluting cobalt chromium stent in
the porcine coronary model.

CONCLUSIONS

Stent-based delivery of sirolimus and everolimus deliv-
ered via polymeric matrices are equally effective in the
suppression of neointimal formation at day 28 in the
porcine coronary model. Further study is necessary to
document dose response and long-term comparative
effects of these drug-eluting stents.
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