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CLINICAL CHALLENGES IN THE PREVENTION AND TREATMENT
OF LATE AND VERY LATE STENT THROMBOSIS

Neointimal Formation Following
Drug-Eluting Stents: Physiology,
Timeline, and the Influence of
Drug Delivery Systems
John J. Young, MD, FACC, FAHA, FSCAI
Swedish Heart & Vascular Institute, Seattle, WA

Percutaneous coronary intervention with drug-eluting stents (DES) is currently the pre-
ferred approach to the treatment of obstructive coronary artery disease. Large, random-
ized trials have demonstrated a significant reduction in the incidence of restenosis and
the need for target vessel revascularization following implantation of DES compared
with bare-metal stents. Follow-up data extending out to 2 to 4 years have demon-
strated efficacy in maintaining luminal patency, but recent concerns regarding potential
late adverse effects with DES have been raised. These include aneurysm formation and
hypersensitivity reactions, as well as subacute and late stent thrombosis requiring com-
pliance with antiplatelet therapy for protracted periods of time. Evolving strategies to
mitigate late adverse events with DES include acceleration of endothelialization, gene
therapy targeting pro-healing pathways (ie, nitric oxide donors), smooth muscle cell
growth inhibitors, bioabsorbable metal and polymeric stents, and concurrent use of
local as well as systemic chemotherapy.
[Rev Cardiovasc Med. 2007;8(suppl 1):S3-S10]
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Mechanistic insights gained over the last 2 decades have reshaped our
current understanding regarding the pathogenesis of atherosclerosis.
Activated immune and inflammatory cells interact with dysfunctional

endothelium to cause the retention of oxidized or enzymatically degraded lipid
molecules within the subendothelial space.1 Scavenger receptors on monocytes
and macrophages facilitate the uptake of oxidized-low-density lipoprotein,
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resulting in the formation of foam
cells. Growth factors lead to the pro-
liferation of smooth muscle cells
(SMCs) and their migration into the
intima, culminating in the character-
istic atherosclerotic plaque.2 Until re-
cently, the prevailing clinical percep-
tion of atherosclerotic disease was
that of advancing luminal stenosis,
with less attention paid to the char-
acteristics of the vessel wall. Over the
last decade, however, the emphasis
has shifted to the instability of the
underlying plaque as the key precipi-
tating factor involved in the patho-
genesis of acute coronary syndromes.
The therapeutic approach to coronary
artery disease has evolved in close
conjunction with these insights.

The introduction of balloon angio-
plasty ushered in the era of percuta-
neous revascularization. However,
abrupt vessel closure and recoil of
the treated arterial segment limited
the acute and long-term durability of
this technique. The development of
bare-metal stents (BMS) significantly
reduced the acute mechanical limita-
tions of balloon angioplasty, and the
addition of antiplatelet strategies de-
creased the associated short-term
thrombotic risk. The resultant effect
was successful percutaneous coro-
nary intervention (PCI) with good
short-term outcome; however, the
vexing problem of restenosis over
the intermediate to long-term (6 to
12 months) follow-up remained un-
solved.3 Drug-eluting stents (DES)
have evolved that address not only
the acute mechanical issues associ-
ated with PCI, but more importantly
the “Achilles’ heel” of restenosis fol-
lowing stent implantation; they also
reduce the need for repeat interven-
tion. The success of DES has now
been somewhat tempered by the
demonstration of late stent throm-
botic events, prompting scrutiny of
the long-term safety of these de-
vices. The widespread adoption of

DES technology into interventional
cardiology has raised a number of
important questions regarding our
understanding of the pathophysiol-
ogy of acute vessel injury, restenosis,
and normal vessel healing.

Restenosis: Pathobiology
Much of what is known about
restenosis and neointimal formation
comes from intense study of animal
injury models and comparison with
human material, usually derived
from autopsy.4,5 Restenosis in animal
models results from controlled in-
jury induced in normal vessels that
subsequently form thick neointima
and undergo shrinkage (remodeling)
due to scar formation. Early under-
standing of balloon angioplasty sug-
gested that atherosclerotic plaque was
compressed or stretched—concepts
that eventually yielded a more com-
prehensive understanding that both
plaque and the normal artery are
severely fractured during PCI. Many
parallels emerged between human
restenosis and animal model coun-
terparts, and these studies assumed a
central role in understanding coro-
nary artery injury and healing.
Specifically, the porcine coronary
models using injuries caused by
either stenting or overstretching are
now accepted standards by which
potential restenosis therapies are
studied.5

Fundamentally, mature neointima
is consistent with a repaired artery
and, thus, is desirable. Deeper arter-
ial wall injury following stent de-
ployment in the porcine model re-
sults in more exuberant neointima.5

This observation was subsequently
validated and led to improvement in
stent designs, with less associated ar-
terial injury.6 Other stent concepts
have attempted to limit injury, but if
properly dilated, a 90% stenosis un-
dergoes a 10-fold expansion that in-
duces significant arterial injury asso-
ciated with thrombus formation,
inflammatory and other cellular mi-
gration, and proliferation that leads
to neointimal hyperplasia. DES also
induce such an arterial injury and
therefore rely on local drug effects to
moderate the neointimal response.
Based on these animal studies and
on human coronary artery findings,
restenosis can be broadly divided
into 4 stages (Table 1).5

The initial consequences immedi-
ately after stent placement are de-
endothelialization, crush of the
plaque, and stretch of the entire
artery.5,7,8 A layer of platelets and fi-
brin is then deposited at the injured
site (thrombus phase). Activated
platelets through surface expression
of adhesion molecules attach to circu-
lating leukocytes and begin a process
of rolling along the injured surface.
Migration of leukocytes across the

Table 1
Time Course Comparison of Events in Porcine and 

Human Coronary Stenting

Porcine Coronary Model Human Stent Implantation

Thrombus 0-14 days 0-30 days

Inflammation 1-14 days 0-30 days

Endothelialization and 4-16 days 14-90 days
granulation tissue

Smooth muscle cells and 14-28 days 2-6 months
matrix formation
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platelet-fibrin layer and diapedesis
into the tissue is driven by
chemokines released from SMCs and
resident macrophages (inflammation
phase).7,8 Growth factors are subse-
quently released from platelets, leuko-
cytes, and SMCs that stimulate migra-
tion of SMCs from the media into
the neointima (granulation phase).
Cellular division takes place in this
phase, which appears to be essential
for the subsequent development of
restenosis.7,8 Over longer periods of

time, the artery enters a phase of re-
modeling involving extracellular
matrix (ECM) protein degradation
and resynthesis (matrix formation
phase). ECM is composed of various
collagen subtypes and proteoglycans
and constitutes the major compo-
nent of the mature restenotic plaque.
An integrated schematic of restenosis
is shown in Figure 1.8 

Restenosis therefore may be con-
sidered to be an uncontrolled and
rapid response to tissue injury, char-

acterized by marked intimal growth,
SMC proliferation and migration, and
the accumulation of macrophages
and chronic inflammatory cells.
Growth of the neointima is influ-
enced by inflammatory cytokines, the
assembly of ECM proteins, and the
proliferative response of SMCs to ar-
terial injury. Understanding of these
molecular signals, particularly for
cell cycle regulation, provided the ra-
tionale to test agents with potential
anti-inflammatory, cytostatic, or

C  Leukocyte Recruitment
Cytokine release

Macros Cytokines

(MCP-1, IL-6, IL-8)

Neutros

PSGL-1

P-Selectin

B  Immediate Post-Stent
Endothelial denudation, platelet/fibrinogen deposition

Platelets/fibrinogen

A  Diseased Artery Pre-Stent
Atherosclerotic plaque with resident macros

SMCs

Endothelium

Media

Macros

D  Leukocyte Infiltration
SMC proliferation/migration

Mac-1 (CD11b/CD18)

Fibrinogen

GP IIb/IIIa GP Iba

Growth factors
(FGF, PDGF, IGF, TGF-�, VEGF)

E  Neointimal Growth
Continued SMC proliferation and macro recruitment

Neointima

F  Restenotic Lesion
More ECM rich over time

Repaired endothelium

Figure 1. Schematic of an integrated cascade of restenosis. Atherosclerotic vessel before intervention (A). Immediate result of stent placement with endothelial denudation
and platelet/fibrinogen deposition (B). Leukocyte recruitment, infiltration, and SMC proliferation and migration in the days after injury (C and D). Neointimal thickening in
the weeks after injury, with continued SMC proliferation and monocyte recruitment (E). Long-term (weeks to months) change from a predominantly cellular to a less cellular
and more ECM-rich plaque (F). SMC, smooth muscle cell; GP, glycoprotein; FGF, fibroblast growth factor; PDGF, platelet-derived growth factor; IGF, insulin-like growth factor;
TGF, transforming growth factor; VEGF, vascular endothelial growth factor; MCP, monocyte chemoattractant protein; IL, interleukin; PSGL, P-selectin glycoprotein ligand; ECM,
extracellular matrix. Reprinted with permission from Welt FG and Rogers C.8 www.medreviews.com
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cytotoxic activity for anti-restenotic
properties.

Rapamycin/Sirolimus
Rapamycin (sirolimus) is a natural
macrocyclic lactone with potent
immunosuppressive properties. It
has been used in the treatment of
renal transplant rejection, and
other analogs are presently being
evaluated in experimental and clin-
ical studies for their anti-restenotic
effects. Rapamycin is a pro-drug
that binds to a specific cytosolic
protein, FK506-binding protein
(FKBP)12, which is upregulated in
human neointimal SMCs.7,9 The
FKBP12/rapamycin complex binds
to a specific cell cycle regulatory
protein, mTOR (mammalian target
of rapamycin), and inhibits its acti-
vation. TOR is a protein kinase reg-
ulatory protein that is involved in
critical steps of the cell cycle, in-
cluding checkpoints that govern
DNA damage and repair.9 mTOR is
involved in the transition between
the G1 and S phase, where DNA
replication occurs, thus leading to
irreversible commitment toward
cell division. Rapamycin has been
shown to have a cytostatic effect
and to induce cell cycle arrest in
late G1 phase. Sirolimus has been
shown to inhibit all phases of the
restenosis cascade.7,10 In the porcine
model of restenosis, sirolimus-
eluting stents markedly reduced the
degree of inflammation that corre-
lated with a reduction in neointimal
hyperplasia.10 Furthermore, sirolimus
inhibits SMC migration and pro-
motes a contractile, rather than a
proliferative, phenotype.11 These ef-
fective results on restenosis have
been replicated in various animal
studies as well as in clinical trials
demonstrating a significant reduc-
tion in late loss and the need for
target vessel revascularization
(TVR).12,13 

Taxanes/Paclitaxel
Paclitaxel is a diterpenoid compound
that contains a complex 8-member
taxane ring as its nucleus. The side
chain linked to the taxane ring at
carbon 13 is essential for its antitu-
mor activity.7 Paclitaxel exhibits
unique pharmacological action as an
inhibitor of mitosis by binding to a
site on �-tubulin and promoting mi-
crotubule formation.14 Microtubules
form the mitotic spindle during cell
division and are important in other
cellular functions including mainte-
nance of cell shape, motility, and in-
tracellular transport. Paclitaxel binds
specifically to the �-tubulin subunit
of microtubules and appears to an-
tagonize the disassembly of this key
cytoskeletal protein, causing the
bundles of microtubules to accumu-
late in the mitotic phase of the cell
cycle and arrest in mitosis (G2/M
phase).7 Studies of paclitaxel-eluting
stents in porcine arteries demon-
strated reduction in neointimal and
medial cell proliferation.15 Clinical
studies with paclitaxel-eluting stents
have also demonstrated effective re-
duction in restenosis and TVR.16,17

Restenosis and Neointimal
Formation Following DES
After the initial US Food and Drug
Administration (FDA) approval in
April 2003, DES have rapidly re-
placed BMS as the preferred treat-
ment in over 80% of PCI procedures.
The majority of the safety and effi-
cacy data that led to approval of DES
has been derived from well-defined
lesion and population subsets. Con-
cerns about the safety of liberal use
in complicated lesions and unse-
lected patient populations have been
raised. Even with recent randomized
trial data beginning to demonstrate
efficacy of DES in complicated le-
sions (left main disease, multivessel
disease, ST-segment elevation my-
ocardial infarction, restenotic lesions,

small vessel disease, and chronic total
occlusions), the duration of follow-
up from these trials is currently
limited and the recent concern re-
garding late stent thrombosis (LST)
from earlier studies with long-term
follow-up has prompted caution.
The efficacy of DES platforms in con-
trolling the intimal proliferation
characteristic of restenosis has been
well validated; however, the long-
term safety of these devices requires
careful consideration. 

The biological effects of any phar-
macological agent delivered locally are
influenced by local transport forces,
which are related to the properties of
the target tissue.7,18 The highly hetero-
geneous composition of the arterial
wall and its asymmetric geometry rep-
resents a challenge for most agents ap-
plied in DES technologies. The ideal
compound for intramural delivery
should contain hydrophobic elements
to ensure high local concentrations as
well as hydrophilic properties to
allow homogeneous drug diffusion.
Altered transport of these agents
through the vessel wall may lead to
both toxic levels in areas where the
drug may accumulate and nonthera-
peutic levels in remote regions away
from the drug reservoir. In a bovine
carotid model, rapamycin and pacli-
taxel show markedly different pro-
files of transmural distribution, with
rapamycin distributing evenly
through the artery, whereas pacli-
taxel remains primarily in the subin-
timal space.19 In addition, thrombus
apposed on stents creates large varia-
tions in drug uptake and can act to
either increase or decrease wall depo-
sition according to clot and stent
geometry.20 These effects of stent po-
sitioning and local transport mecha-
nisms become increasingly impor-
tant as these devices (DES) deliver
specific therapeutic agents compared
to historical devices that provided
only mechanical support (BMS).
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Our understanding of the mecha-
nisms of DES failure is still limited. It
appears that the causes of restenosis
after implantation of BMS and DES
are fundamentally the same. The
relative contributions of individual
factors to the development of resteno-
sis, however, appear to differ consid-
erably between DES and BMS. The
magnitude of the biological response
of DES on neointimal proliferation
has likely unmasked 2 other aspects
of restenosis after BMS: 1) mechani-
cal-related failures (stent underexpan-
sion, plaque prolapse) and 2) tech-
nique-related factors (barotrauma,
geographic miss). Although DES have
drastically reduced angiographic and
clinical restenosis across a broad pa-
tient cohort, certain patient and le-
sion characteristics contribute to the
success or subsequent failure of the
treatment.21 Further risk stratification
based on patient and lesion character-
istics combined with an optimal de-
ployment technique may result in im-
proved clinical outcome.

Endothelial integrity is essential
for maintaining vascular homeosta-
sis, and endothelial denudation re-
sults in intimal thickening. Endothe-

lial dysfunction may persist for
months following vascular injury
and is more pronounced with BMS
as compared with balloon angio-
plasty.22 Whether the development
of a functional endothelial layer is
further delayed after DES implanta-
tion remains to be defined. A recent
registry consisting of 40 cadavers
studied at autopsy of patients who
had previously been treated with
DES or BMS demonstrated a decrease
in percent endothelialization (DES
compared to BMS) out to 40 months

of follow-up (Figure 2).23 The major
pathologic finding distinguishing
thrombosed from patent DES was
evidence of greater delay in arterial
healing as manifested by persistent
fibrin deposition and reduced en-
dothelial coverage. In addition,
Kotani and colleagues24 recently re-
ported angioscopic data from 37
consecutive PCI procedures (15 DES

and 22 BMS) in 25 patients at 3- to 6-
month follow-up, with a focus on
neointimal coverage of stent struts
and existence of thrombi. Thrombi
were more common in stents with
incomplete neointimal coverage,
and the degree of endothelialization
was less complete in the DES patients
(Figure 3).24 Animal studies have also
identified sites of DES overlap to be as-
sociated with delayed arterial healing
and inflammation,25 whereas human
clinical trials involving DES overlap
have reported variable results.26

Although the risk of LST following
DES appears to be small (0.35% to
0.6%), the associated mortality for pa-
tients suffering DES LST can be as high
as 45% to 50%.27-31 Predictors of DES
LST include stenting across ostia of
branch points, bifurcations, previous
sites of brachytherapy and highly
necrotic plaques, as well as proximal
or distal plaque disruption with stent
implantation.27-32 In addition, dia-
betes mellitus, renal failure, and lower
left ventricular ejection fraction have
been associated with LST. The most
important contributing factor to date
for DES LST has been the premature
discontinuation of dual antiplatelet
therapy. Several studies, including a
19-center study of myocardial infarc-
tion patients, have demonstrated the
important link between premature
thienopyridine discontinuation and
the risk of DES LST and mortality.33 A
recent observational study of 4666
consecutive PCI patients (3165 BMS,
1501 DES) who were event-free at 6-
month follow-up stratified patients
by stent type (DES or BMS) and self-
reported clopidogrel use at 6 and 12
months.34 Although there was no
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Figure 2. Line chart comparing the percentage of endothelialization in DES versus BMS as a function of time. DES
(green line) consistently show less endothelialization compared with BMS (red line), regardless of time point. Even be-
yond 40 months, DES are not fully endothelialized, whereas BMS are completely covered by 6 to 7 months. DES, drug-
eluting stents; BMS, bare-metal stents. Reprinted with permission from Joner M et al.23 

The most important contributing factor to date for drug-eluting stent late
stent thrombosis has been the premature discontinuation of dual antiplatelet
therapy.
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significant difference in clinical out-
comes by clopidogrel use at 24-
month follow-up in the BMS group,
the DES group demonstrated a sig-
nificant reduction in the risk of
death or myocardial infarction with
extended (6 to 12 months) clopido-
grel use. These results combined
with previous studies suggest that all
patients with DES should continue
to take clopidogrel for at least 12
months after PCI.

DES LST is likely multifactorial in
causality. Although the degree of
endothelialization/delayed healing
is likely to contribute in certain sub-
sets of patients, this phenomenon is

dependent both on patient factors
and technical factors. Additional fac-
tors may contribute to local arterial
hypersensitivity reactions, as well as
to the unusual vessel response (sub-
stantial vessel positive remodeling
with acquired stent malapposition)
reported in a few patients.35,36 Each
DES platform may elicit unique arte-
rial responses due to different drugs
and polymer carriers interacting
with unique local biology within a
given patient. Future platforms and
therapies will need to incorporate
evolving molecular and cellular
mechanisms to provide the optimal
treatment response.

Future Strategies
Evolving strategies to achieve
restoration of normally functioning
endothelium following PCI revolve
around improvements in DES de-
ployment technique, bioabsorbable
stents, therapies based on genes and
stem cells, pharmacotherapy combi-
nations, and supplementation with
growth factors.

The approach of direct stenting
without balloon predilation was
found to cause less endothelial injury,
rapid restoration of the endothelial
layer, and less intimal thickening in
rabbit arteries.37 These observations al-
lude to the importance of minimizing

0

100

100

%

75

50

25

0

%

75

50

25

Incomplete coverage

Grade 0 Grade 1 Grade 2

Bare-metal stent

Grade 3

Complete coverage

Sirolimus-eluting stent

Figure 3. Angioscopic images show the grading for neointimal stent strut coverage. Neointimal coverage was more complete with bare-metal stents
compared with sirolimus-eluting stents (P � .0001). Reprinted with permission from Kotani JI et al.24 www.medreviews.com
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endothelial injury by improved de-
sign of stents and balloons as well as
correct deployment technique. In-
travascular ultrasound has demon-
strated its utility in providing supe-
rior technical results that may have a
beneficial impact on the incidence of
DES LST.38 

Experimental studies with engi-
neered endothelial cell implants in-
dicate a powerful role for endothe-
lial cells in altering the ECM profile
that may minimize neointimal
hyperplasia.39 Seeding endothelial
cells on stents prior to implantation
may become a viable approach in
the future. Pharmacological ap-
proaches have centered on increas-
ing the expression of endothelial ni-
tric oxide (NO) synthase (eNOS) and,
subsequently, the availability of
NO.40 Nitric oxide participates in the
control of vascular healing by atten-
uating inflammation and inhibiting
SMC proliferation and migration.
The strategies to increase eNOS are
potential therapeutic approaches to
treat neointimal hyperplasia. Estra-
diol has been shown in experiments
to promote vascular healing and re-
duce SMC proliferation.41 However, a
feasibility study involving 30 pa-
tients who had stents placed in de
novo coronary lesions after the

stents were immersed in a solution
of estradiol failed to demonstrate
any significant reduction in rates of
restenosis.42

It is well recognized that somatic
stem cells in the bone marrow can
differentiate into vascular endothe-
lial cells and SMCs. It has been hy-
pothesized that cytokine release after
vascular injury induces mobilization,
proliferation, and homing of these
precursor cells to sites of arterial in-
jury. The bone marrow–derived cells
participate in the healing response,
as well as lesion formation. Recently,
the use of antibodies directed against
a specific receptor present on circu-
lating bone marrow progenitor cells
has been proposed as a viable treat-
ment strategy for accelerating vascu-
lar healing and minimizing subacute
stent thrombosis after DES place-
ment. The Healthy Endothelial Ac-
celerated Lining Inhibits Neointimal
Growth-First In Man (HEALING-
FIM) study involved implantation of
metal stents coated with antibodies
against CD34.43 The technology has
created much clinical interest and is
presently being evaluated in a small
series of patients.

Another approach is to supple-
ment growth factors to accelerate en-
dothelial restitution. Vascular en-

dothelial growth factor (VEGF) is a
powerful regulator of endothelial
growth and function. Experimental
studies have shown both vasculopro-
tective and potentially atherogenic
properties of VEGF. Studies in animal
models have shown reduction in
neointimal proliferation that may
lead to inclusion of VEGF in future
restenosis therapies.44

Finally, polymeric and metal bio-
absorbable stents that “dissolve”
slowly after implantation are promis-
ing stent technologies that can be
loaded with large amounts of drug or
multiple agents.45-47 Bioabsorbable
stents fulfill the ideal requirement
for endovascular prosthesis by pro-
viding initial scaffolding support to
prevent vessel recoil and negative re-
modeling, without the continuous
vessel trauma caused by a permanent
implant. Ongoing studies are evalu-
ating the safety and efficacy of these
newer devices.

Conclusion
The elucidation of the molecular and
cellular mechanisms of inflamma-
tion and proliferation in vascular in-
jury and repair powered the develop-
ment of DES technology. Despite the
significant benefits of DES compared
with BMS in randomized clinical

Main Points
• The relative contributions of individual factors to the development of restenosis appear to differ considerably between

drug-eluting stents (DES) and bare-metal stents.

• The major pathologic finding distinguishing thrombosed from patent DES was evidence of greater delay in arterial
healing as manifested by persistent fibrin deposition and reduced endothelial coverage.  

• In one study, thrombi were more common in stents with incomplete neointimal coverage, and the degree of
endothelialization was less complete in DES patients.

• Predictors of DES late stent thrombosis include stenting across ostia of branch points, bifurcations, previous sites of
brachytherapy and highly necrotic plaques, as well as proximal or distal plaque disruption with stent implantation.

• Evolving strategies to achieve restoration of normally functioning endothelium following percutaneous coronary
intervention revolve around improvements in DES deployment technique, bioabsorbable stents, therapies based on
genes and stem cells, pharmacotherapy combinations, and supplementation with growth factors.
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trials and registries, significant chal-
lenges remain. Newer approaches will
shift away from the present day strat-
egy of creating injury and inflamma-
tion and then trying to control the
consequences of a maladaptive tissue
healing response, and will instead
focus on restoration of structural and
physiological recovery of the vessel
to normal function. Combination
chemotherapy, bioabsorbable stents,
and cell-based therapies are likely to
provide effective solutions for the pre-
vention of restenosis and LST in com-
plex lesions and patients.
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