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Background—Acute thrombogenicity and re-endothelialization represent clinically relevant end points pertaining to the
safety of coronary stents, which have not been compared among biodegradable polymer-based drug-eluting metallic
stents and fully bioabsorbable scaffolds to date.
Methods and Results—We investigated comparative outcomes with respect to acute thrombogenicity and re-endothelialization
among thin-strut biodegradable polymer metallic everolimus eluting stents (EES), thick-strut fully bioabsorbable EES,
thick-strut biodegradable polymer metallic biolimus-eluting stents and control bare metal stents. An ex-vivo porcine
arterio-venous shunt model was used to assess platelet aggregation, whereas a healthy rabbit model of iliofemoral
stent implantation was used to assess re-endothelialization and inflammation. Confocal microscopy was used to detect
fluorescently labeled antibody staining directed against CD61/CD42b for the identification of aggregated thrombocytes,
CD14/PM-1, and RAM-11 for identification of neutrophils and monocytes/macrophages. Endothelial recovery was
assessed by scanning electron microscopy, whereas CD31/PECAM-1 was used to confirm endothelial maturity. EES
demonstrated significantly less acute thrombogenicity compared with bioabsorbable EES and biolimus-eluting stents.
EES showed greater re-endothelialization at 28 days and reduced inflammatory cell adhesion of monocytes/macrophages
at 14 days compared with bioabsorbable EES. Only bare metal stents showed complete re-endothelialization at 28 days.
Conclusions—These outcomes indicate differential trends in thrombogenicity and vascular healing among contemporary
stents used in clinical practice and suggest a need for long-term adjunct antithrombotic pharmacotherapy for bioabsorbable
EES.  (Circ Cardiovasc Interv. 2015;8:e002427. DOI: 10.1161/CIRCINTERVENTIONS.115.002427.)
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D

elayed vascular healing after drug-eluting stent implantation (DES) has been shown to be an important determinant of stent thrombosis in preclinical and autopsy studies1,2
and is a key contributing mechanism of stent failure, including
restenosis.3
Although protective function against acute thrombogenicity has been assigned to selected 2nd generation permanent
polymeric DES when compared with 1st generation DES
and bare metal stents (BMS) in recent preclinical and clinical studies,4–6 this effect has not yet been demonstrated for
biodegradable polymer–based DES. Furthermore, comparative assessment of acute thrombogenicity and other major
components of vascular healing, that is, endothelialization of
stent struts, has not been determined for the current generation
of stents and may provide valuable insights into predictable
clinical performance of these devices. Novel biodegradable

polymeric stent coatings and bioabsorbable stents have
attracted considerable attention in contemporary clinical
practice,7–9 and it seems intuitive that different trends in stent
design and composition among contemporary DES and bioabsorbable stents may affect acute thrombogenicity and vascular
healing.
The current study therefore aimed to address these
clinically relevant end points in established animal models.
Endothelial restoration and inflammatory reaction were examined in thin-strut biodegradable polymer metallic everolimuseluting stents (EES) against thick-strut fully bioabsorbable
EES (bEES), thick-strut biodegradable polymer metallic
biolimus-eluting stents (BES), and control BMS in the rabbit
iliofemoral artery model, whereas acute thrombogenicity of
the same devices was tested in a previously established porcine arteriovenous shunt model.10
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WHAT IS KNOWN

•

Acute thrombogenicity and re-endothelialization
represent important preclinical end points pertaining
to stent safety. Stent design and geometry as well as
polymer coating and drug release kinetics are well
known to impact differentially on clinical performance of contemporary stents.

WHAT THE STUDY ADDS

•

This preclinical study shows biologically meaningful differences in thrombogenicity, inflammatory response, and re-endothelialization among contemporary
stents used in clinical practice. The findings suggest
differential concomitant antithrombotic therapy may
be needed among current thin-strut metallic drug-eluting stent and thick-strut fully absorbable stents.

Methods
The study protocol was approved by the Institutional Animal Care
and Use Committee of the Medstar Research Institute and conformed
to the position of the American Heart Association on use of animals
in research and the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health.11

Experimental Set-Up
Test Devices and Grouping
Four different devices were implanted. The test device was a thin-strut
biodegradable polymer metallic EES (Synergy, Boston Scientific,
Marlborough, MA), 3.0×16 mm, n=18 (platinum-chromium [PtCr]
platform, 74 μm strut thickness, abluminally coated biodegradable
PLGA copolymer, releasing everolimus), and was compared with a
thick-strut fully bioabsorbable bEES (Absorb BVS, Abbott Vascular,
Santa Clara, CA), 3.0×18 mm, n=18 (poly(L-lactide) [PLLA] bioabsorbable platform, 150 μm strut thickness, circumferentially
coated biodegradable PDLLA polymer, releasing everolimus), and

a thick-strut biodegradable polymer metallic BES (BioMatrix Flex,
Biosensors, Newport Beach, CA), 3.0×14 mm, n=18 (stainless steel
platform, 120 μm strut thickness, abluminally coated biodegradable
PDLLA polymer, releasing biolimus). A thin-strut BMS (Omega,
Boston Scientific, Marlborough, MA), 3.0×16 mm, n=18 (PtCr platform, 81 μm strut thickness), served as control.

Animal Models
Two different animal models were used in this study. An ex vivo
arterio-venous porcine shunt model served to assess acute thrombogenicity and acute inflammatory cell adhesion (n=4 pigs), whereas
endothelialization and macrophage deposition were investigated in a
healthy rabbit model of iliofemoral stent implantation (n=24 animals;
Figure 1).

Porcine Ex Vivo Arterio-Venous Shunt Model

A total of 4 healthy domestic farm pigs (13–15 weeks, Thomas D.
Morris Inc, Reisterstown, MD) were included in the study. A porcine
ex vivo arteriovenous shunt model involving a test circuit of 3 different
in-line test stents was used for a period of 55 to 60 minutes to study
the extent of platelet adherence, thrombus formation, and acute inflammation in the devices as previously described.10 Each shunt model
had 3 stents and each animal had 2 shunt experiments using a total of
n=6 devices per animal. Target blood–activated clotting times (ACT)
between 150 s and 200 s were achieved with intravenous heparin
(100 IU/kg) dosing without antiplatelet agents. Dual antiplatelet therapy was intentionally not administered in the applied animal models because we aimed to study the differential impact of stent design and stent
components on platelet activation and aggregation. At the conclusion
of each shunt run, stents were gravity perfused with Ringer’s Lactate,
fixed in 10% neutral buffered formalin, and bisected longitudinally.
The experimental set up is detailed in the Data Supplement methods.

Rabbit Model of Iliac Stent Implantation

A total of 24 healthy New Zealand White rabbits (5–6 months,
Millbrook Laboratories, Amherst, MA) were included in the study.
A model of iliofemoral stent implantation was used as previously described to study endothelialization and inflammatory reaction after
stenting.12 Animals received aspirin (40 mg) orally 12 hours before
stent implantation and until euthanasia. Immediately after bilateral
iliac artery endothelial balloon denudation, devices were deployed
in the denuded section of the left and right iliac arteries. Animals
were randomly allocated to 4 treatment groups (EES, bEES, BES,
and BMS, n=6 per group at 14 and 28 days). Standard follow-up angiography using contrast media was performed to confirm stent patency

Figure 1. Study flow chart. EES (n=6 in the porcine
model, n=12 in the rabbit model) denotes biodegradable polymer metallic everolimus-eluting stent.
bEES (n=6 in the porcine model, n=12 in the rabbit
model) denotes fully bioabsorbable everolimuseluting stent. BES (n=6 in the porcine model, n=12
in the rabbit model) denotes biodegradable polymer metallic biolimus-eluting stent. BMS (n=6 in the
porcine model, n=12 in the rabbit model) denotes
bare metal stent.
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before euthanasia at 14 and 28 days, respectively. After euthanasia,
iliac arteries were perfusion-fixed at physiological pressure using
10% neutral buffered formalin, harvested, and bisected longitudinally. The specimens were prepared for confocal microscopy (CM)
and scanning electron microscopy (SEM) analysis. The experimental
set-up is detailed in methods in the the Data Supplement.

Immunostaining and Imaging Procedures
In the shunt model, one stent half was immunostained using platelet
markers (CD61, Immunotech, Commerce, CA; dilution 1:100, and
CD42b, Santa Cruz, Dallas, TX; dilution 1:40) relevant for thrombocyte adhesion and aggregation and examined en face by CM and by
SEM after completion of CM image acquisition, whereas the other
half was processed for immunostaining using inflammatory markers (CD14, Novus Biological, Littleton, CO; dilution 1:40 and PM1, BMA Biological, Littleton, CO; dilution 1:800) and examined en
face by CM. The positive area of platelet staining was analyzed by
proprietary software (Zeiss ZEN 2012, Carl-Zeiss Microscopy, Jena,
Germany) within predefined regions of interest (40 mm2), which was
applied to all examined samples. Data are reported as area staining
positive for CD61/42b (mm2) within each region of interest and as
percent fluorescent positive area within the entire stented segment.
The imaging protocol is detailed in methods in the Data Supplement.
In the rabbit model, one half of the stented artery was processed
for CD31/PECAM-1 (Dako, Carpenteria, CA, dilution 1:20) immunostaining and the opposite side reserved for RAM-11 (Dako,
Carpenteria, CA, dilution 1:400) immunostaining. Both sides were
imaged en face on a Zeiss LSM 700 laser confocal microscope (CarlZeiss Microscopy, Jena, Germany) at 5× magnification with tiled
Z-stack technology for whole surface view and at 20× magnification
with single Z-stack for local regions of interest. Semi-quantification
of CD31/PECAM-1–positive endothelial cells was achieved by visual assessment above and between stent struts and expressed as median
with lower (25th percentile) and upper quartiles (75th percentile).
Details of the analysis are further explained in the methods in the
Data Supplement. Subsequently, the CD31-stained half of the stented
artery was processed for SEM after acquisition of CM images.

Statistical Analysis
Variables were first checked for normal distribution using the
Lilliefors corrected Kolmogorow–Smirnow test, then separated into
variables with normal and non-normal distribution. Mean values
with standard deviation were derived from normally distributed parameters, whereas non-normally distributed data were described as
median with 25% and 75% percentiles. The Kruskal–Wallis test with
Dunnett’s post hoc correction was used for comparison of non-normally distributed data, whereas analysis of variance with Dunnett’s
post hoc correction was used for normally distributed data. A value
of P≤0.05 was considered statistically significant. For the porcine
ex vivo arterio-venous shunt model, nested generalized linear mixed
models with Dunnett’s correction for multiple testing were used to
investigate group differences in consideration of multiple measurements per individual. Within these models, stent type was considered
as fixed effect, whereas the experimental factor variables animal and
shunt position were considered as nested random effects. Covariance
type was set to autoregressive order 1. The analyses were performed
with SPSS Advanced Statistics Version 22 (IBM, Armonk, New
York). The statistical tests were 2-tailed and a value of P<0.05 was
considered to indicate statistical significance.

Results
Acute Thrombogenicity in a Porcine AV Shunt
Model
All animals survived the study’s in-life-phase. Shunts ran an
average of 58.8±3.5 minutes.
Platelet aggregation as detected by CM (CD61 and
CD42b) demonstrated a significantly lower mean percentage of fluorescent positive area in the EES as compared with
bEES, BES, and BMS. Representative images of relative and
absolute platelet coverage area based on fluorescent staining against CD61 and CD42b are shown in Figure 2. Linear
mixed-effects model procedures demonstrated biologically

Figure 2. Ex-vivo arteriovenous porcine shunt
model. Representative images derived from confocal microscopy after 1 hour in a swine ex vivo shunt
model at low (10×) and high (20×) magnification.
A, Shows biodegradable polymer metallic everolimus eluting stent (EES) (n=6). B, Shows fully bioabsorbable everolimus eluting stent (bEES) (n=6).
C, Shows biodegradable polymer metallic biolimus
eluting stent (n=6). D, Shows bare metal stent
(BMS) (n=6).
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Figure 3. Ex-vivo arteriovenous shunt model. A, Percent fluorescent positive area based on percentage of fluorescent positive staining
against CD61 and CD42b within the entire stented segment. Values are expressed as mean group differences relative to EES with 95%
confidence interval and as mean percentage with 95% confidence interval. EES*, bEES†, and BMS§ constitute of n=6 stents in each
group, whereas BES‡ constitute of n=5 stents. One BES was incompletely expanded and therefore not included in the analysis.
B, Absolute fluorescent positive area based on area of fluorescent positive staining against CD61 and CD42b within the bisected stented
segment expressed as group differences relative to EES. Values are mean difference with 95% confidence interval and as mean area with
95% confidence interval. CI indicates confidence interval. EES*, bEES†, and BMS§ constitute of n=6 stents in each group, whereas BES‡
constitute of n=5 stents. One BES was incompletely expanded and therefore not included in the analysis. bEES indicates fully bioabsorbable everolimus-eluting stent; BES, biodegradable polymer metallic biolimus-eluting stent; BMS denotes bare metal stent; and EES, biodegradable polymer metallic everolimus-eluting stent.

relevant and statistically significant differences in percent and
absolute positive fluorescence area between EES versus bEES
(P<0.001), BES (P=0.002), and BMS (P=0.014) as shown in
Figure 3. Percent acute inflammatory cell adhesion in stents
based on fluorescent staining against monocyte marker CD14
and neutrophil marker PM1 are shown in Figure IA and IB in
the Data Supplement as median with lower (25th percentile)
and upper quartiles (75th percentile). With respect to CD14positive inflammatory cell adhesion, EES demonstrated significantly less positive cell counts than bEES (P=0.043). Also,
EES had fewer PM1-positive neutrophils adherent compared
with the other devices (Table I in the Data Supplement).

Re-Endothelialization After Arterial Denudation in
Healthy Rabbit Iliac Arteries
All rabbits survived the study’s in-life-phase. All stents were
found evenly expanded against the arterial wall and patent

without evidence of stent fracture. Quantification of endothelial coverage above struts by SEM was numerically greater
in EES compared with bEES at 14 days (P=0.15) and lower
when compared with control BMS (P=0.27) as shown in the
Table. The percentage of endothelial coverage by CM evaluating CD31/PECAM-1 staining was also numerically higher
in EES when compared with bEES (P=0.55) and lower when
compared with BMS (P=0.15) at 14 days. No differences were
observed between EES and BES. Quantitative results of endothelial coverage by CM above and between struts are detailed
in Figure 4 and Table II in the Data Supplement.
At 28 days, SEM revealed significantly greater endothelial coverage above struts in EES as compared with bEES
(P=0.05). No differences were observed between EES and
BES. For control BMS, endothelial coverage was near complete above struts (Table). CM of CD31/PECAM-1 staining
showed endothelial coverage above struts was numerically

Downloaded from http://circinterventions.ahajournals.org/ at Boston Scientific Corporation-- on August 18, 2015

5   Koppara et al   Early Vascular Healing in Biodegradable DES
greater in EES as compared with bEES (P=0.20). However,
no significant differences were observed between bEES,
BES, BMS, and EES (Table II in the Data Supplement).
Representative images of endothelial coverage at 14 and 28
days are shown in Figure 4.
Adhesion of RAM-11 positive macrophages was predominantly visualized in the surrounding of stent struts, where coverage with CD31/PECAM-1–positive endothelial cells was
absent. Overall, RAM-11–positive macrophage adhesion was
numerically lower in EES at 14 days compared with bEES
(P=0.11) without significant differences observed between
groups as shown in Table I in the Data Supplement and Figure
IC and ID in the Data Supplement.

Discussion
The current study examined acute thrombogenicity, reendothelialization and inflammatory reaction of thin-strut EES as
compared with thick-strut bEES, thick-strut BES, and BMS.
The aim was to characterize clinically meaningful end points
relevant to vascular healing after implantation of contemporary coronary stents of different design and composition in
well-established animal models. The most salient findings of
our study are as follows:
1. Thin strut EES revealed significantly less platelet aggregation
and inflammatory cell adhesion in a porcine AV shunt model as
compared with bEES, BES, and BMS.
2. Re-endothelialization after arterial denudation and stent implantation was significantly greater in thin-strut EES as compared with bEES in a healthy rabbit iliac artery model at 28
days and was similar to BES. Only BMS showed near complete
re-endothelialization at 28 days by SEM. CM analysis confirmed the differential pace of re-endothelialization, with incomplete endothelial maturation in all DES devices detected by
CD31/PECAM-1–positive endothelial cells at 28 days. Adhesion of RAM-11–positive macrophages was significantly lower
in thin-strut EES as compared with bEES at 14 days and was
similar in BES. When compared with BMS, the presence of
any (abluminal) polymer in combination with antiproliferative
drug was associated with increased inflammation and decreased
endothelialization in the rabbit model. The examination of isolated polymer coating effects on inflammatory cell adhesion
and re-endothelialization was not intended in the current study
set-up and warrants further investigation.

Relevance of Stent Geometry and Polymer Coating
for Acute Thrombogenicity
The importance of DES coating and strut dimensions relative to the vessel wall were recently described as critical factors affecting acute thrombogenicity in an in vitro flow-loop
model.6 Kolandaivelu et al showed that DES coated with
permanent polymers uniformly decreased thrombus formation as compared with their BMS counterparts. However, the
study investigated acute thrombogenicity in an in vitro closed
flow loop model using blood collected from naıve 4-monthold Yorkshire pigs (36–40 kg). In their study, Kolandaivelu
et al assessed clot adherence visually and measured lactate
dehydrogenase to provide a semiquantitative measure of
platelet aggregation. In this regard, our study may be more
in line with what is expected acutely after stent deployment
in human arteries because platelet reactivity in a flow-loop
model may not appropriately replicate in vivo conditions.
Although active release of immuno-modulatory drugs has

been shown to influence activation of distinct coagulation
pathways in cell culture studies, it is unclear whether this phenomenon occurs in vivo.13,14 A clinically relevant set-up was
chosen for the current investigation, in which contemporary
commercially available thick and thin-strut metallic DES with
abluminal coating of biodegradable polymer and thick-strut
fully bioabsorbable PLLA-based scaffolds, circumferentially
coated with a different bioabsorable PDLLA polymer coating releasing everolimus, were exposed to circulating blood in
the absence of antiplatelet drugs to study thrombocyte adherence and aggregation under real-time in vivo conditions. In
contrast to the above referenced study by Kolandaivelu et al,
which exclusively used DES with a circumferential durable
polymer coating adopted from first and second generation
FDA-approved DES, our study used DES with an abluminal
biodegradable polymer coating of differential strut thickness
and geometry. Also, a comparative assessment of acute thrombogenicity in current generation DES and fully bioabsorbable
vascular stents releasing everolimus from a biodegradable
polymer matrix has not been performed to date.
It has been demonstrated in our study that thin-strut EES
exhibit significantly less platelet aggregation and accelerated
endothelial recovery as compared with bEES and thick-strut
BES. In a previous study, Eppihimer et al determined acute
thrombus formation in a closed loop system, in which stents
made of PtCr were exposed to human blood under physiological shear rates in the presence or absence of polyvinylidene fluoride-co-hexafluoropropene (PVDF-HFP) polymer
coating.15 In that study, PtCr stents exhibited significantly
less thrombus formation when compared with their PVDFHFP coated counterparts,15 which may partly explain the
favorable outcomes of the thin-strut EES made from a PtCr
alloy in the current study. Although studies by Kolandaivelu
and Eppihimer used customized stent designs to specifically
address the comparative influence of stent components on vascular healing, we sought to characterize the integrated performance of clinically used devices rather than to decipher the
effect of individual stent components.
The results of the current study further emphasize the
importance of stent geometry and flow dynamics with regard
to activation of coagulatory pathways and re-endothelialization. Thick-strut fully bioabsorbable bEES showed increased
acute thrombogenicity. This phenomenon can be explained
by augmented flow alterations arising from bulky stent struts
when compared with thin-strut DES like the EES tested in
our study. Landmark findings of prior clinical studies addressing the impact of stent design support this finding,16 which
becomes even more significant in the setting of incomplete
apposition to the vessel wall, what seemed to be an important
risk factor for ST in human autopsy cases.17 Therefore, there
is no doubt that features of stent geometry affect coronary
blood flow dynamics and should be carefully considered in
the design of novel metallic and bioabsorbable stents.

Relevance of Acute Inflammation for Thrombus
Formation
Arterial thrombosis in atherosclerotic lesions is prone to occur
in the presence of activated plaque-derived tissue-factor18 and
has historically been proposed to be the predominant activator
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Table.

Rabbit Model

Endothelial Coverage by SEM

Above struts, %

14 days

Between struts, %

Above struts, %

28 days

Between struts, %

Median

Percentile 25th

Percentile 75th

P Value

Biodegradable polymer metallic everolimuseluting stent (EES)

n=6

19.8

16.5

44.0

Fully bioabsorbable everolimus-eluting stent
(bEES)

n=6

0.7

0.5

1.8

EES vs bEES; P=0.15

Biodegradable polymer metallic biolimuseluting stents (BES)

n=6

17.9

2.9

33.8

EES vs BES; P=1.00
EES vs BMS; P=0.27

Bare metal stents (BMS)

n=6

91.1

82.1

96.8

Biodegradable polymer metallic everolimuseluting stent (EES)

n=6

90.4

88.0

92.1

Fully bioabsorbable everolimus-eluting stent
(bEES)

n=6

89.1

82.1

89.7

EES vs bEES; P=0.29*

Biodegradable polymer metallic biolimuseluting stents (BES)

n=6

88.7

87.1

89.8

EES vs BES; P=0. 75*
EES vs BMS; P=0.005*

Bare metal stents (BMS)

n=6

96.8

93.8

98.7

Biodegradable polymer metallic everolimuseluting stent (EES)

n=6

87.5

74.0

93.3

Fully bioabsorbable everolimus-eluting stent
(bEES)

n=6

12.4

8.3

19.3

EES vs bEES; P=0.05

Biodegradable polymer metallic biolimuseluting stents (BES)

n=6

67.5

51.9

82.1

EES vs BES; P=1.00

Bare metal stents (BMS)

n=6

Biodegradable polymer metallic everolimuseluting stent (EES)

n=6

100
97.7

96.9

99.7

98.0

Fully bioabsorbable everolimus-eluting stent
(bEES)

n=6

95.1

93.3

95.3

EES vs bEES; P=0.45

Biodegradable polymer metallic biolimuseluting stents (BES)

n=6

95

94.1

95.4

EES vs BES; P=0.38

Bare metal stents (BMS)

n=6

100

100

100

100

EES vs BMS; P=0.51

EES vs BMS; P=0.54

Percentage endothelial coverage by visual estimation derived from SEM images after 14 and 28 days. Values represent median with lower (25th percentile) and
upper quartiles (75th percentile). EES (n=6 at 14 days, n=6 at 28 days) denotes biodegradable polymer metallic everolimus-eluting stent. bEES (n=6 at 14 days,
n=6 at 28 days) denotes fully bioabsorbable everolimus-eluting stent. BES (n=6 at 14 days, n=6 at 28 days) denotes biodegradable polymer metallic biolimus-eluting
stent. BMS (n=6 at 14 days, n=6 at 28 days) denotes bare metal stent. ANOVA indicates analysis of variance; and SEM, scanning electron microscopy.
*ANOVA with Dunnett post hoc correction.

of the coagulation cascade.19 To date, the precise role of circulating acute inflammatory cells that may lead to thrombus formation in the absence of substantial tissue injury is unclear. An
inherent role of tissue factor derived from blood-born inflammatory cells in the context of arterial thrombosis and its specific contribution to enhanced coagulation has been shown in
an experimental study on human leukocytes.20 This study demonstrated that atherosclerotic lesions may be inclined toward
arterial thrombosis from the accumulation of circulating inflammatory cells. Human blood–derived neutrophils and monocytes
have been shown to be an important source of tissue-factor to
initiate coagulation pathways.20 On a more molecular level,
leukocytes are further capable of transferring tissue-factor to
platelets using CD15 receptors, forming procoagulatory platelet
aggregates containing leukocyte-derived tissue factor.21
In our study, we found increased adherence of acute
inflammatory cells in thick-strut bEES as compared with thinstrut EES. Despite the substantial difference in strut thickness
among the currently tested devices and its relevance in inflammatory cell adhesion,10 polymer coating specifics may play an
equipollent role in this regard and should be considered during
development of these devices.

Impact of Stent Design on Endothelial Regrowth
and Maturity
Delayed endothelial recovery has been identified as one
of the major contributing factors of late stent thrombosis
at autopsy.1,2 In a previous study, we showed disparities in
the rate of endothelialization of first and second generation
durable polymer-based DES, supporting enhanced vascular
healing properties in thin-strut second generation DES, when
compared with thick-strut first generation devices.22 Similarly, re-endothelialization was delayed in thick-strut bEES
as compared with thin-strut EES in the current study owing
to an incremental delay in cellular repopulation of bulky
stent struts in the former. Stent designs are known to influence endothelial growth by altering shear stress and blood
flow dynamics.23,24 In an experimental setting with flow and
shear conditions similarly monitored in arteries, endothelial
coverage was found to depend on object thickness.25 Simon
et al showed that endothelial cell coverage area and migration distance significantly decreased in objects with 75 μm
thickness or greater, which would explain the delayed endothelial coverage thick-strut bEES (150 μm) observed in our
study.25
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Figure 4. Rabbit model. Representative images of endothelial coverage assessed by scanning electron microscopy at 14 days (A) and
28 days (B). Low magnification (15×) Scanning electron microscopy (SEM) images provide an overview of the luminal surface of the
bisected segment from proximal (top) to distal (bottom). High magnification (200×) SEM images and confocal microscopy images based
on CD31/PECAM-1 expression are depicted from proximal (top), mid (middle), and distal (bottom) stented regions. A, Shows biodegradable polymer metallic everolimus eluting stent (EES) (n=6). B, Shows fully bioabsorbable everolimus eluting stent (bEES) (n=6). C, Shows
biodegradable polymer metallic biolimus eluting stent (n=6). D, Shows bare metal stent (BMS) (n=6). Relative percentage of endothelial
coverage above struts assessed by scanning electron microscopy is shown in box and whisker diagrams on the right. Values represent
median with lower (25th percentile) and upper quartiles (75th percentile) and whiskers for minimum and maximum value. EES (n=6)
denotes biodegradable polymer metallic everolimus-eluting stent. bEES (n=6) denotes fully bioabsorbable everolimus-eluting stent. BES
(n=6) denotes biodegradable polymer metallic biolimus-eluting stent. BMS (n=6) denotes bare metal stent.

Although strut dimensions have been shown to affect
endothelialization rates, inherent surface properties must
also be considered when evaluating endothelialization rates
among contemporary coronary stents. Durable PVDF-HFP
polymer surfaces are associated with lower endothelial cell
coverage and maturity in the early phase after stent placement
when compared with bare PtCr metallic stent surfaces used
in the thin-strut biodegradable polymer EES.15 However,
these findings were observed in the absence of drug and
may not be applicable to commercially available DES. In
another experimental study, endothelialization of 2 durable
polymers, poly(ethylene-co-vinylacetate) and poly(butyl
methacrylate) was reduced, whereas enhanced endothelial
coverage was observed in biodegradable polymers, namely
PLLA, poly(3-hydroxybutyrate), poly(4-hydroxybutyrate),
and a polymeric blend of PLLA/poly(4-hydroxybutyrate),
tested in in vitro cultures using human umbilical endothelial cells.26 These observations reinforce a potential role of
polymeric coating influencing the kinetics of endothelial
cell recovery.

Although polymer coatings and stent geometry undisputedly impact endothelial recovery after stent implantation, the
most pertinent factor is likely the release of potent antiproliferative drugs. Considering the complex nature of contemporary DES, pharmacokinetic profile and drug dose are also
likely driving factors of endothelial recovery after implantation in diseased coronary arteries. Despite the importance
of stent design in modulating re-endothelialization, the drug
exerts a profound pharmacological effect and clearly also
plays a crucial role.

Implications for Clinical Practice
Stent thrombosis (ST) remains a clinically relevant issue complicated by increased mortality and morbidity, despite the
introduction of newer generation DES.27 Advanced dual antiplatelet therapy, stent design, and emphasis on optimal stent
implantation techniques have helped reduce clinical event
rates to ≈1.0% to 1.5% in contemporary practice.27,28 Nonetheless, ST rates are still high in certain clinical settings with
increased procoagulatory activity, such as acute myocardial

Downloaded from http://circinterventions.ahajournals.org/ at Boston Scientific Corporation-- on August 18, 2015

8   Koppara et al   Early Vascular Healing in Biodegradable DES
infarction, even with the use of newer generation devices
and modern antiplatelet therapy. In a similar vein, an autopsy
study from our registry highlighted the impact of thrombus
burden and suboptimal stent implantation in unstable lesions
triggering early ST, suggesting that refining implantation techniques and stent design might improve clinical outcomes of
ACS patients.17
Although procoagulatory condition and suboptimal
implantation are the main factors in the development of ST
during the first 30 days after implantation,17 delayed endothelial recovery and peri-strut inflammatory response are known
stimuli for the risk of late and very late stent thrombosis.2 The
LEADERS (Limus Eluted From a Durable Versus Erodable
Stent Coating) trial showed a rate of definitive/probable late
and very late ST in biodegradable polymer BES of 0.6% and
0.9%, respectively, after 5 years, which was significantly less
as compared with thick-strut first generation sirolimus-eluting
stents with a very late ST rate of 2.9% at 5 years.29 Randomized
clinical trial results evaluating very late stent thrombosis in the
newer generation thin-strut EES that may even further reduce
event rates have not been published to date.
With the advent of fully bioabsorbable devices, fully bioresorbable bEES are increasingly used in a variety of different
clinical settings including acute coronary syndrome.30–32 Yet,
robust data from randomized clinical trials are lacking for these
devices. Early ST rates of 1.5% and cumulative ST rates of
2.1% at 6 months of follow-up are reported from the European
GHOST registry in the bEES.33 The clinical manifestation of
early ST is based on a complex interaction of device-, procedure-, and patient-related factors. However, extensive preclinical
and clinical testing of the prothrombotic effects of bioabsorbable vascular implants is warranted to improve this technology.
Transferability of the utilized animal models to human disease
conditions is crucial to facilitate understanding of device-related
effects on clinically relevant end points, such as acute thrombogenicity and re-endothelialization. Although the combination
of previously established animal models investigating different
biological sequences of vascular healing was thought to deliver
insightful differences among the investigated devices, clinical
studies are needed to delineate their relative merits.

Limitations
The examination of DES implants in rabbits was done at 14
and 28 days. It is unclear whether longer-term follow up may
reveal differential healing characteristics of these contemporary devices. Moreover, it is important to understand that
experimental studies, such as the current one, can only address
limited aspects contributing to thrombogenicity and endothelialization but cannot reproduce the complexity of human
disease conditions. We studied acute thrombogenicity and reendothelialization among contemporary DES and bioresorbable stents in a healthy rabbit model. Therefore, the current
findings have to be interpreted with caution when it comes to
extrapolation to atherosclerotic disease conditions. Although
strut thickness and differences in stent design likely play an
important role in the determination of acute thrombogenicity
and vascular healing, the current study was not designed to
decipher individual stent components and their relevance for
the chosen end points.

Conclusions
In comparison to selected contemporary thick-strut metallic biodegradable polymer and fully bioabsorbable DES, the
thin-strut biodegradable polymer metallic EES demonstrated
decreased acute thrombogenicity with respect to platelet
aggregation and inflammatory cell adhesion while fostering
enhanced endothelial recovery.
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SUPPLEMENTAL MATERIAL
Supplemental Methods

Porcine ex vivo arterio-venous shunt model

Experimental set-up
Three consecutive stents were deployed in Sylgard mock vascular phantoms (1). The Sylgard
conduits (ID 2.70 mm  11 cm length) were fabricated using 316L stainless steel tubing and
commercial elastomer kit (Sylgard-184, Dow Corning). Stents were deployed to nominal
diameter (3.0 mm) in room temperature serum prepared from the experimental animal.
Before deploying stents, the tubing was mounted in a fixed apparatus. The extent of platelet
aggregation at stent struts was studied after exposure to circulating blood for 1 hour in an
established porcine arteriovenous carotid to jugular shunt model (2).

Target blood activated clotting times (ACT) between 150s and 200s were achieved with
intravenous heparin (100 IU/kg) dosing without anti-platelet agents such as clopidogrel or
aspirin. Two shunts were studied in each animal. Shunt positions were numerically noted as
proximal, mid, and distal relative to the arterial side. Before establishing blood flow through
the circuit, stents were primed with autologous platelet-poor plasma. During experiments,
stented tubing was maintained in a 37°C water bath and flow rates were monitored
continuously using an ultrasonic transducer (Transonic, Ithaca, NY). At the conclusion of each
run, stents were gravity perfused with Ringer’s Lactate, fixed in 10% neutral buffered
formalin and bisected longitudinally. One stent half was immunostained using specific
platelet markers (CD61/CD42b) relevant for aggregation of thrombocytes and examined en
1

face by confocal microscopy (CM) as well as scanning electron microscopy (SEM), while the
other half was processes for inflammatory monocyte markers (CD14/PM-1) and examined en
face by CM.

Blood coagulation and platelet function
Blood was serially drawn for coagulation and platelet function profiles pre-shunt (baseline)
and after each experimental run to confirm the absence of coagulation and platelet function
abnormalities. Indices of coagulation, platelet number and function included platelet count,
prothrombin time, partial thromboplastin time, and light transmission aggregometry. In
addition, pig platelet factor 4 release was also assessed in collected plasma using a
commercial ELISA kit (Cat No. ab156530, Abcam, Cambridge, MA, sensitivity = 0.1ng/ml)
according to manufacturer’s instructions.

Immunofluorescent Staining and confocal microscopy

CD61 / CD42b
Stent halves were incubated overnight in 4°C in an antibody cocktail directed against specific
platelet markers; CD61 as a marker of platelet aggregation (Immunotech, IM0540, dilution
1:100, Beckman Coulter, CA) and CD42b as a marker of platelet adhesion (Santa Cruz, sc7070, dilution 1:40, Dallas, TX) to capture both originating and propagated platelet
thrombus. Positive staining was visualized using a secondary antibody conjugated to an Alexa
Fluor® 488 fluorophore. After immunostaining, nuclei were counterstained with DAPI
(Invitrogen) and stents were mounted ‘en face’ on glass slides and cover slipped in aqueous
mounting media. The entire stent surface was scanned using predetermined “fixed”
2

parameters incorporating a tile feature with Z stack imaging (Zeiss, LSM 700, Zen 2011
software). The positive area of platelet staining was analyzed by proprietary software (Zen
image analysis tool) within defined regions of interest, which were maintained for all
examined samples (40 mm2) and reported as absolute positive area (mm2) and percent
positive area (%) which was calculated by dividing the absolute positive area by the entire
stented area within the bisected segment of the artery. In addition, the relative percentage
of positive staining was also calculated by dividing the absolute positive area by total stent
surface area.

CD14 / PM-1
Four stent halves from each group were exposed overnight at 4°C to anti-CD14 antibody
(Novus Biological, NB100-77758, dilution 1:40) for monocyte staining or anti-PM1 (BMA
Biological, T3503, dilution 1:800) for neutrophil staining.

The antibody reaction was

visualized with an Alexa Fluor 488 donkey anti-mouse secondary antibody (Invitrogen,
Carlsbad, CA dilution 1:150) for anti-CD14 and an Alexa Fluor 555 donkey anti-mouse
secondary antibody (Invitrogen, Carlsbad, CA dilution 1:150) for anti-PM1. DAPI (Invitrogen)
was used as the nuclear counter-stain. The specimens were then mounted “en face” on glass
slides, cover slipped using aqueous mounting media, and three representative images were
acquired by Zeiss LSM 700 laser confocal microscope at 20x magnification with Z-stack. The
number of inflammatory cells was counted in randomly selected areas of stent struts
remaining free of platelet thrombus.

Scanning electron microscopy (SEM)
The remaining stent halves were processed for SEM. Specimens were dehydrated, critically
3

point dried, and sputter-coated with gold. Digital images were acquired using a Hitachi
Model 3600N (Hitachi High-Technologies Science America, Inc., Northridge, CA). Low power
(15 x magnifications) images of the entire luminal surface were collected to assess the extent
of thrombus attached to the strut surfaces. Stitched low power montage images of the entire
luminal surface were then assembled into a single image using proprietary software. Higher
power photographs of regions of interest were also taken at incremental magnifications of
(50x, 200x, 600x, and 2000x). From these images, percent endothelial coverage between and
above stent struts was semi-quantified by visual estimation from the proximal to distal end.
The percentage endothelialization was recorded for the areas above and between struts.
Endothelial cells were identified as sheets of spindle or polygonal shaped monolayers in
close apposition, a distinguishing feature from other cell types in en face preparations.

Rabbit Model of Iliac Stent Implantation

Experimental set-up
Balloon Endothelial Denudation
Before deploying implants, both iliofemoral arteries underwent an endothelial denudation
procedure as described previously. A 3.0  8 mm standard angioplasty balloon catheter
(Voyager, Abbott Vascular) was placed in the distal iliofemoral artery over a guide wire using
fluoroscopic guidance and inflated to 7 ATM with 50/50 contrast/saline. The balloon catheter
was then withdrawn proximally (retrograde) in its distended state to the level of the iliac
bifurcation involving a distance of approximately 2 cm. The balloon was then deflated and
repositioned in the distal iliac artery to the original location. A second pullback was repeated
with the existing balloon now inflated to 9 ATM. Using the same balloon catheter, the
4

denuding procedure was performed on the contralateral iliac artery. At the conclusion of the
procedure, the dilation catheter was deflated and removed.

Stent Implantation
Immediately following bilateral iliac artery balloon denudation, devices were deployed in the
denuded section of iliofemoral arteries. The pre-mounted stent-catheter (3.0 x 18 mm) was
delivered into each iliac artery using a guide wire under fluoroscopic guidance. In the target
area the stent was implanted at nominal inflation pressure. Following stent deployment,
angiography was repeated to document vessel patency.

Immunofluorescent Staining
The stented artery halves designated for CM were subsequently stained overnight at 2 to 8°C
for CD31/PECAM-1 (Dako, Carpenteria, CA, dilution 1:20) or RAM-11 (Dako, Carpenteria, CA,
dilution 1: 400), respectively, after rinsing. The antibody reaction was visualized with an
Alexa Fluor 488 donkey anti-mouse secondary antibody (Invitrogen, Carlsbad, CA dilution
1:150) for CD31/PECAM-1 and with an Alexa Fluor 555 donkey anti-mouse secondary
antibody (Invitrogen, Carlsbad, CA dilution 1:150) for RAM-11. DAPI (Invitrogen, Carlsbad)
was used as the nuclear counter-stain.

Image analysis
(1) CD31/PECAM Immunofluorescent Staining
The percentage of endothelial surface coverage based on immunostaining against
CD31/PECAM-1 above and between struts was estimated visually from each strut area on 5x
magnification of en face images. Proximal segments adjacent to the stent served as a
5

positive control for immunostaining. For illustration, confocal z-stack images with tile
imaging were acquired at 5x magnification. Representative high power fluorescent images of
the luminal surface from (proximal, middle, and distal) regions of the stent were also
acquired by CM using a 20 objective with optical Z-stack acquisition to document the
extent of CD31 expression staining of endothelial junctions. Semi-quantification of
CD31/PECAM-1 positive endothelial cells was achieved by visual assessment above and
between stent struts and expressed as median with lower (25th percentile) and upper
quartiles (75th percentile).

(2) RAM-11 Immunofluorescent Staining
RAM-11 expression was semi-quantified within a region of interest that included the entire
stented segment and was kept constant for all analyzed specimens (30mm 2). RAM-11
positive staining was assessed using ZEN image analysis tool (Zeiss ZEN black edition 2011,
Carl-Zeiss Microscopy, Jena, Germany), which was used to measure the fluorescent-positive
area within the previously defined region of interest. Representative high power fluorescent
images of the luminal surface from (proximal, middle, and distal) regions of the stent were
also acquired by CM using a 20x objective with optical Z-stack acquisition to document the
extent of RAM-11 expression.
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Supplemental Table 1

Inflammatory marker

Median

Percentile
th

25
Biodegradable polymer metallic
everolimus eluting stent (EES)
Fully bioabsorbable everolimus
CD14

eluting stent (bEES)

Percentile
75

P value

th

n=4

14.5

8

20.3

n = 3*

75

56

88

EES vs. bEES
p = 0.04

Positive Cells
/ 10,000 µm2

Biodegradable polymer metallic
biolimus eluting stents (BES)

EES vs. BES
n = 3†

21

15

24
p = 1.00

Ex-vivo AV shunt model

EES vs. BMS
Bare metal stents (BMS)

n=4

25.5

8

31
p = 1.00

Biodegradable polymer metallic
everolimus eluting stent (EES)
Fully bioabsorbable everolimus
PM1 Positive

eluting stent (bEES)

n=2

10

2

18

n=2

62.5

44

81

EES vs. bEES
p = 0.11

Cells /
10,000 µm2

Biodegradable polymer metallic
biolimus eluting stents (BES)

EES vs. BES
n=2

50

47

53
p = 0.29
EES vs. BMS

Bare metal stents (BMS)

n=2

25.5

8

43
p = 0.84

Biodegradable polymer metallic
everolimus eluting stent (EES)

14 days

RAM-

Fully bioabsorbable everolimus

11

eluting stent (bEES)

n=6

0.7

0.3

1.0

n=6

1.8

1.4

2.1

EES vs. bEES
p = 0.05

Positive

Rabbit stent implantation model

Area
(mm2)

Biodegradable polymer metallic
biolimus eluting stents (BES)

EES vs. BES
n=6

0.5

0.3

1.0
p = 1.00
EES vs. BMS

Bare metal stents (BMS)

n=6

0.5

0.3

0.7
p = 1.00

Biodegradable polymer metallic
everolimus eluting stent (EES)

28 days

RAM-

Fully bioabsorbable everolimus

11

eluting stent (bEES)

n=6

0.2

0.1

0.3

n=6

2.6

1.3

3.0

EES vs. bEES
p = 0.11

Positive
Area
(mm2)

Biodegradable polymer metallic
biolimus eluting stents (BES)

EES vs. BES
n=6

0.3

0.1

0.4
p = 1.00
EES vs. BMS

Bare metal stents (BMS)

n=6

0.1

0.1

0.4
p = 0.61
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Supplemental Table 1. Inflammatory markers in the porcine ex-vivo arteriovenous shunt
model based on fluorescent staining against monocyte marker CD14, neutrophil marker PM1 and macrophage adhesion after 14 and 28 days assessed by RAM-11 expression in the
rabbit stent implantation model. Values represent median with lower (25th percentile) and
upper quartiles (75th percentile). No assessment of inflammatory reaction could be
performed in one *bEES and one †BES due to extensive thrombus formation which obscured
inflammatory cells adhering to the stent surface. EES denotes biodegradable polymer
metallic everolimus eluting stent. bEES denotes fully bioabsorbable everolimus eluting stent.
BES denotes biodegradable polymer metallic biolimus eluting stent. BMS denotes bare metal
stent.
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Supplemental Table 2

Endothelial Coverage by

Median

th

25

CD31 / PECAM-1
Biodegradable polymer metallic

Percentile

Percentile
75

P value

th

n=6

1.6

0

3.7

n=6

0

0

0

n=6

0.4

0

2.0

n = 5*

65.4

45.2

74.8

n=6

6.1

1.3

14.8

n=6

3.6

1.8

4.8

n=6

8.7

5.5

11.3

n = 5*

71.1

50.4

78.3

n=6

11.8

4.4

22.1

n=6

1.1

0

3.5

n=6

14.6

4.2

21.3

n=6

83.0

43.8

100

n=6

17.3

7.4

32.1

n=6

4.1

2.6

7.5

n=6

18.4

10.9

32.0

n=6

83.9

46.6

100

everolimus eluting stent (EES)

Above Struts (%)

Fully bioabsorbable everolimus
eluting stent (bEES)
Biodegradable polymer metallic
biolimus eluting stents (BES)

14 days

Bare metal stents (BMS)
Biodegradable polymer metallic

EES vs. bEES
p = 0.55
EES vs. BES
p = 1.00
EES vs. BMS
p = 0.15

everolimus eluting stent (EES)

Between Struts (%)

Fully bioabsorbable
everolimus eluting stent (bEES)
Biodegradable polymer metallic
biolimus eluting stents (BES)
Bare metal stents (BMS)
Biodegradable polymer metallic

EES vs. bEES
p = 1.00
EES vs. BES
p = 1.00
EES vs. BMS
p = 0.05

everolimus eluting stent (EES)

Above Struts (%)

Fully bioabsorbable
everolimus eluting stent (bEES)
Biodegradable polymer metallic
biolimus eluting stents (BES)

28 days

Bare metal stents (BMS)
Biodegradable polymer metallic

EES vs. bEES
p = 0.20
EES vs. BES

p = 1.00
EES vs. BMS
p = 0.23

everolimus eluting stent (EES)

Between Struts (%)

Fully bioabsorbable
everolimus eluting stent (bEES)
Biodegradable polymer metallic
biolimus eluting stents (BES)
Bare metal stents (BMS)

EES vs. bEES
p = 0.33
EES vs. BES
p = 1.00

EES vs. BMS
p = 0.20
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Supplemental Table 2. Rabbit stent implantation model. Endothelial coverage above and
between stent struts semi-quantified from CD31/PECAM-1 immunostaining by visual
assessment after 14 and 28 days. Values represent median with lower (25th percentile) and
upper quartiles (75th percentile). (* One BMS was excluded because of artificial disruption of
the endothelial layer). EES denotes biodegradable polymer metallic everolimus eluting stent.
bEES denotes fully bioabsorbable everolimus eluting stent. BES denotes biodegradable
polymer metallic biolimus eluting stent. BMS denotes bare metal stent.
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Supplemental Figure 1

11

Supplemental Figure 1. Inflammatory markers in the ex-vivo arteriovenous shunt model
(A,B) and the rabbit stent implantation model (C,D). Box and whisker diagrams represent
median with lower (25th percentile) and upper quartiles (75th percentile) and whiskers for
minimum and maximum value. EES denotes biodegradable polymer metallic everolimus
eluting stent. bEES denotes fully bioabsorbable

everolimus eluting stent. BES denotes

biodegradable polymer metallic biolimus eluting stent. BMS denotes bare metal stent.
(A) Acute Monocyte adhesion based on CD14 positive cell counts using confocal
microscopy analysis in the ex-vivo arteriovenous shunt model. EES and BMS consisted
of n=4 stents per group, while one *bEES stent and one †BES stent was excluded
from the analysis due to extensive thrombus formation which obscured inflammatory
cells adhering to the stent surface.
(B) Neutrophil cell adhesion based on PM-1 positive cell counts using confocal
microscopy analysis in the ex-vivo arteriovenous shunt model. EES and BMS consisted
of n=4 stents per group, while one *bEES stent and one †BES was excluded from the
analysis due to extensive thrombus formation which obscured inflammatory cells
adhering to the stent surface.
(C, D) Macrophage adhesion based on confocal microscopy analysis of RAM-11 expression
at 14 days (C) and 28 days (D) after device implantation. EES, bEES, BES and BMS
consisted of n=6 in each group.
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