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Polymer	Coating	Suppresses	
Neointimal Hyperplasia

Rogers, C et al. Circulation 1995;91(12):2996 and 2999 



Drug Patterns of Neointimal
Suppression

cancer literature and either can be present in genetically
predetermined individuals or be acquired following cytotoxic
exposure to the drug.10,11

The so-called drug resistance gene expression program,
described for paclitaxel resistance, best exemplifies the com-
plex pathways involved in the etiology of drug resistance.10

Essentially, the cellular context determines the expression of
the genes that contribute to drug resistance, either in geneti-
cally predetermined cells or primed for expression following
the cytotoxic insult after drug exposure. These genes may
operate in conventional pathways that are well known (drug
delivery and metabolism, apoptosis regulation, DNA repair),
but the temporal (ie, pro- and antiapoptotic gene activity) and
spatial regulation (ie, cell survival signaling pathways) of
these gene products after drug exposure also appears to be
important.

As examples, polymorphisms in the genes that encode
mTOR or proteins involved in paclitaxel or sirolimus metab-
olism have been shown to confer drug resistance both in vitro
and in vivo10,11; decreased binding of sirolimus to mTOR
because of mutations in FK-B12 and mTOR and mutations of
downstream effector molecules of mTOR may all cause
resistance to sirolimus.11

The OSIRIS study investigated the administration of
higher doses of oral sirolimus to patients with refractory ISR
in the theoretical attempt of overcoming drug resistance and
delivering increased amounts of drug to the implantation
site.12 A significant correlation was demonstrated between the
level of sirolimus concentration in the bloodstream and rates
of further LLL (Figure 3). However, given that the patients
received a short duration of oral sirolimus (7 days), it was
unclear whether these findings would be maintained at
longer-term follow-up.

Hypersensitivity Reactions (the Polymer)
The inflammatory reaction that occurs after arterial injury is
a critical factor that influences the extent of neointimal
response, with the persistence of this inflammatory response
beyond 90 days being strongly associated with delayed
healing and implicated in an increased risk of LST and
restenosis long term.13,14

PES and SES have each been demonstrated to provoke
distinctive inflammatory responses in animal models beyond
90 days: SES triggering giant cell infiltrations and PES
eosinophilic reactions around stent struts. The inflammatory
responses associated with SES have been shown to persist
beyond 180 days and up to 2 years (Figure 4); this phenom-
enon may also be further exacerbated at sites of overlapping
DES. This is in contrast to BMS and the second-generation
everolimus-eluting stent (EES-Xience V) with a more bio-
compatible polymer, in which the inflammatory responses
have been demonstrated to be limited to a period of 90 days
and 12 months, respectively (Figure 4).13,14

Evidence of persistent inflammatory responses in humans
also has been reported in both autopsy cases, with one case

Figure 1. The bimodal distribution of
LLL (A, B) and percentage diameter ste-
nosis (C, D) after Cypher (left) and Taxus
(right) implantation. LLL indicates late
lumen loss. Reproduced with permission
from Byrne et al.2

Figure 2. The patterns of restenosis in SES and PES. The pre-
dominant pattern of ISR is focal, although diffuse and prolifera-
tive restenosis is still seen with DES. SES indicates sirolimus-
eluting stent; PES, paclitaxel-eluting stent; DES, drug-eluting
stent. Reproduced with permission from Corbett et al.4
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Histology	of	Neointima:	
EES	vs ZES

Yazdani, Virmani. JIC 2013 

Rabbit IliacsModel



Timing	of	Drug	Release:	
EES	vs ZES

Yazdani, Virmani. JIC 2013
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Bovine aortic endothelial cells.

Physiologic Arterial Hemodynamic 
Shear Stress (>15 dynes/cm2)

Low Arterial Hemodynamic 
Shear Stress (0-4 dynes/cm2)



Molecular Association of low WSS with 
Plaque Progression

Nam D, Am. J. Physiol. Heart Circ. Physiol. 
2009; 297, H1535–H1543.

•ApoE-knockout mice
•Partial carotid ligation model
•Intimal RNA in zones of low WSS 
developed:

Upregulation of 
proatherogenic genes ( 

eg. VCAM-1 and ICAM-1 expression)
Downregulation of 

antiatherogenic genes 
(e.g., those governing 
eNOS and KLF-2 expression)

•Low WSS regions exhibited  
endothelial dysfunction 
and developed rapidly 
progressive 
atherosclerosis to 
advanced lesions within 
4weeks 
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Change	in	Plaque	Composition	in	
Low,	Intermediate,	and	High	WSS	Segments
Patients	with	Moderate/Non-Obstructive	CAD

N=20
6 months f/u
High Dose Statin Tx

< 10 Dynes/cm2 10-25 Dynes/cm2 >25 Dynes/cm2

Circulation. 2011 Aug 16;124(7):779-88.

High	WSS	and	Plaque	Progression



In-stent neoatherosclerosis is an important substrate for both ISR and LST, 
especially in the extended phase. 

The atherosclerotic change in SES is seen in 
40% of cases by 9-m; in the BMS, the 

atherosclerotic change does not begin to appear 
until 2-y

Histological findings of neoatherosclerosis

J Am Coll Cardiol. 2012 Jun 5;59(23):2051-7

PES
4-Years
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comparison of different second generation DES among each other and
with BMS by Stettler [21], Palmerini and others [29,30,33] confirmed
that the second generation DESs have nowadays equivalent safety
profiles with BMS.

4. Biodegradable coating

Pathology and IVUS studies suggested that the polymer in the first
generation DES might trigger a delayed hypersensitivity reaction
resulting in very-late stent thrombosis [24,34,35]. These evidences
encouraged the idea that a strategy of “leaving no polymer” could be
better than leaving a durable polymer “behind”.

In biodegradable coated stents, such as the Biolimus-eluting
BioMatrix stent (Biosensors International, Morges, Switzerland),
the polymer coating is progressively absorbed, leaving only
a metal platform once the elution of the drug and polymer
absorption is completed. Biodegradable polymer DESs were
developed with the goal to retain the efficacy of durable polymer
DESs while achieving a better long term safety profile than the first
generation DESs.

The BioMatrix stent safety and efficacy were tested in the
randomized all-comers LEADERS trial (Limus Eluted from A Durable
versus Erodable Stent coating), and showed non-inferiority to SES
[36] with a long term benefit of having lower rates of ST and very
late ST [37]. A similar stent, NOBORI (Terumo Corporation, Tokyo,
Japan), based on the same platform and coating was shown as
non-inferior to EES for the composite of cardiac death, Myocardial
Infarction (MI) and clinically indicated TVR at 1-year follow-up
(COMPARE 2 study) [38].

A number of DESs with biodegradable coating are currently
commercially available or under development [Table 1].

5. Impact of strut thickness with DES

The impact of strut thickness is less evident in DES as each DES
differs not only in terms of platform design but also in polymer
formulation, drug type and concentration, release kinetics, polymer
degradation, etc.., all of which contribute to the in vivo response.

Comparison of the first generation thick DES with thinner bare
stents showed that the effect of drug coating prevails over strut
thickness [11,32,39,40]. Therefore, the impact of strut thickness can be
hard to delineate in DES.

Interestingly, pre-clinical comparison of DES with stents having
identical backbones, drug loads and release kinetics but using different
drugs (everolimus (EES), sirolimus (SES) or zotarolimus (ZES)) showed
that all limus drugs have a similar effect [41]. This suggests that vessel
response ismore affected by the stent backbone and polymer character-
istics than the “-limus” drug itself.

Pre-clinical evaluation of uncoated second generation bare platform
compared with first generation bare platform showed that the reduction
of strut thickness and improved flexibility contribute to improved re-en-
dothelialization, with reduced peri-strut inflammation and fibrin deposi-
tion [32,39,40]. Optical Coherence Tomography (OCT) analysis of strut
coverage demonstrated a significantly lower rate of uncovered struts in
the second generation DES as compared with the thicker first generation
DES [42,43], supporting the benefits of thinner struts and more biocom-
patible coating material for improving re-endothelialization.

Thinner strut and more conformable designs produce lesser injury
and improve integration with the vessel wall. The ideal platform there-
fore comprises a highly deliverable, thin-strut, low-profile design with
high radiopacity, high radial strength and minimal recoil [44–46].
With the use of stronger alloys such as Cobalt Chromium and Platinum
Chromium, which have higher tensile strengths than stainless steel,
strut thickness could be reduced below 100 μm in the XIENCE, Promus

Fig. 2. Illustration of the impact of strut design on neotima thickness after BMS implantation. A. Neointima thickness measured in matched pathological specimens (EXAKT polished and
ground sections) with thick strut BMS (Bx Velocity: 140 μm) and thinner strut BMS (Driver: 91 μm). B, C: Representative cross-sections of Bx Velocity (B) and Driver (C) stents. Note the
difference in strut thickness between the two platforms.

802 N. Foin et al. / International Journal of Cardiology 177 (2014) 800–808

Strut Thickness and NIH



Strut Thickness Getting Thinner

2. Strut design in the bare metal stent (BMS) era

Several preclinical studies have reported early on the effect of stent
strut geometry on the degree of vessel injury and restenosis [1,2,5,6].
In particular, strut thickness and stent flexibility have been recognized
to impact degree of injury, risk of rupture of the elastic laminae and
overall inflammation, with a larger strut design generally leading to
higher inflammation and restenosis than the thinner strut and open
cell design [1,2,5–7].

Thicker stent struts have also been associated with higher risk of
restenosis in clinical studies [4,8]. The ISAR-STEREO randomized trial
(Intracoronary Stenting and Angiographic Results: Strut Thickness
Effect on REstenosis Outcome) which compared a thin-strut stent, the
ACS RX Multi-Link (Advanced Cardiovascular Systems-Guidant), with
strut thickness of 50 μm versus a thick-strut stent, the ACS Multi-Link
RX Duet with a strut thickness of 140 μm [3] was the first study in
which the impact of strut thickness was evaluated specifically as a
main objective. The results at 1 year showed a significantly lower
incidence of angiographic restenosis in the thin-strut group (15.0%)
comparedwith the thick strut group (25.8%, p= 0.003). This also trans-
lated into a reduction of reintervention rates among thin-strut patients
(8.6%) as compared with thick-strut patients (13.8%, p = 0.03). Similar
studies later confirmed this observation when comparing platforms
with different strut thicknesses [4].

Vascular injury pertaining to trauma of the internal elastic lamina
and the medial wall as well as peri-strut inflammation are major
contributors to in-stent restenosis associated with BMS [9]. The
presence of large stent struts penetrating into the necrotic core was
also shown to be of importance for the development of in-stent resteno-
sis. Larger surface contact area of thick stent struts causes augmented
inflammatory responses, which has been demonstrated to result in
greater neointimal growth with BMS [9,10] (Fig. 2).

3. Strut design in the DES era

The impact of strut design in DES is less evident comparedwith BMS
since the addition of a drug coating acts as a barrier against neointimal
proliferation which retards the natural healing process [11].

3.1. First generation DES

The CYPHER Sirolimus-eluting stent (SES) (Cordis, Johnson and
Johnson, Warren, NJ) was the first DES to emerge and be available
commercially from 2002. It was based on a 140 μm thick stainless
steel platform with closed cell design (Bx Velocity). The coating was a
Polyethelyne co-vinyl acetate/poly-n-butyl methacrylate (PEVA/
PBMA) permanent polymer, eluting sirolimus (rapamycin): an
mTOR-inhibitor, causing the inhibition of vascular smooth muscle cell
migration and proliferation. SES was first clinically evaluated in the

RAVEL study, in which 238 patients were randomized to the
Sirolimus-coated CYPHER stent or a BMS control (Bx Velocity) [12].
The results showed a complete inhibition of binary restenosis in the
CYPHER-treated patients as compared with the BMS group at 1 year
(0 versus 26.6% respectively).

As later confirmed by larger studies and meta-analysis, DESs have
showed consistent reduction in TVR and Major Adverse Cardiac Events
(MACE) over BMS [13,14], thus resulting in the wide adoption of DESs
as the primary choice for PCI.

The first Paclitaxel-eluting stent, TAXUS (Boston Scientific, Natick,
Massachusetts), was based on the Express platform, a 132 μm thick
stainless steel platform and coated with a permanent Polystyrene-b-
isobutylene-b-styrene (translute) polymer. Later, the TAXUS was
replaced by TAXUS Liberté, based on the more deliverable 96 μm thick
hybrid cells Liberté platform. The efficacy of the TAXUS stent was
evaluated in a series of trials [15–17], showing steady benefits of
TAXUS in terms of TVR and late loss compared with BMS in various
lesion subsets [15,16].

3.2. Concern over DES safety

The early adoption of DES was somewhat hampered by growing
concerns over a possible higher risk of Stent Thrombosis (ST) with the
first generation DES over BMS [18–20].

The methodology and conclusion derived from early analyses have
remained controversial subjects for some time and recent meta-analy-
ses have since showed a similar mortality profile between DES and
BMS [21–23]. In addition to clinical concerns over ST, post-mortem
pathological analyses have revealed issues in the first generation DES
that include impaired re-endothelialization, polymer hypersensitivity
reactions, late acquired malapposition, as well as delayed healing and
endothelial dysfunction, all of which being possible roots for an in-
creased risk of late stent thrombosis [24]. Preclinical and pathological
studies have now recognized that the polymers used in the early DES
could trigger inflammatory and hypersensitivity reactions [24,25].

3.3. Second generation DES

Safety concerns over the first generation DES drove the need for
improving the DES stent platform and coating. The second generation
of DES including the XIENCE V Everolimus-eluting stent (EES) (Abbott
Vascular, Santa Clara, California) and the Zotarolimus-eluting Endeavor
and Resolute stents (Medtronic, Santa Rosa, California) emerged to
address the concerns about thrombogenicity and safety of the first
generation devices. In addition to improvement on the polymer with a
more biocompatible fluorinated durable polymer, the XIENCE V stent
is also based on a thin strut (81 μm) L605 CoCr Multi-link Vision
platform, which contributed to also improve deliverability. The thin
strut and biocompatible polymer conferred the stent an improved
hemocompatibility profile, with a minimal risk of thrombotic events,
as proved in different clinical studies [26]. Furthermore, the same poly-
mer and drug have since been used on the recent Everolimus-eluting
Promus Element stent (Boston Scientific, Natick, MA).

The Endeavor Resolute DES is constructed on a 91 μm thin strut
MP 35N CoCr platform coated with an amphiphilic polymeric coating
(BioLynx). This coating confers the stent an improved biocompatibil-
ity profile and the Resolute stent demonstrated clinical non-
inferiority to the XIENCE stent [27] with similar neointimal coverage
[28]. In a recent evolution, the platform was adapted to improve the
performance of the continuous welded wire stent design (Resolute
Integrity).

These second generation DESs with fluorinated polymer (XIENCE
and Promus Element) and BioLynx coating (Resolute) have demonstrat-
ed improvements in efficacy and safety profile over the first generation
DESs in both pre-clinical and clinical randomized studies [29–32].
Recent meta-analysis of randomized controlled trials including

Fig. 1. Evolution of strut thickness in Drug-eluting stent platforms. Newer platforms with
thinner strut are made mainly from Cobalt Chromium (CoCr) or Platinum Chromium
(PtCr) alloys which have higher mechanical strength than Stainless Steel (SS).
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Non streamlined struts Streamlined struts

Streamlines at the vicinity of rectangular (nonstreamlined) struts and circular arc (stremlined) struts for 2:1, 4:1, 8:1 length-to-height ratios. 
Recirculation zones occur in rectangular struts of all aspect ratios but only in thick circular-shaped struts with a 2:1 length-to-height ratio



• XIENCE Xpedition® Everolimus-
eluting stent (X-EES) - Abbott 
Vascular 

• Resolute Integrity® Zotarolimus-
eluting stent (R-ZES) – Medtronic 
Inc.
– continuous wire that is molded 

into a sinusoidal wave and 
wrapped in a helical pattern and 
laser-fused at certain points



Shear Stent Status Update

Patients w/ ACS undergoing PCI
(n=126)

Bi-plane Angio

Resolute ZES Xience Xpedition EES

Shear Stent study Design

OCT & IVUS
OCT & IVUS 

derived
CFDsFollow-up Bi-plane 

Angio, OCT, IVUS

Assessment of Angulation, 
Re-endothelialization, 

Neointimal Hyperplasia,
Edge restenosis

1 Year

Emory Univ. Nanjing Univ. Serbia 
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Baseline Procedure after BA Post-stent Deployment 1Y follow-up

Baseline Procedure after BA Post-Procedure
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Technical

Under-expansion
Stent Fracture
Barotrauma
Stent gap and overlap
Geographic miss



Under-expansion	and	Restenosis

Dangas et al. JACC 2010; 56:1897-1907



Stent	Fracture	and	Restenosis

Dangas et al. JACC 2010; 56:1897-1907
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Patient-
specific

Co-morbidities
Drug resistance
Hypersensitivity
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Biological

Vascular Injury
Non-uniform drug delivery

Vessel size and length
Hemodynamics/WSS

Mechanical Technical

Under-expansion
Stent Fracture
Barotrauma
Stent gap and overlap
Geographic miss
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