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The Rate of Restenosis Following PTCA
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1.2 SD
Lumen Size After PCI

Histogram of percent diameter stenosis at follow-up angiography of 1445 lesions. 
The superimposed curve represents the theoretic Gaussian distribution curves

Rensing BJ et al. J Am Coll Cardiol. 1992;19:939-945.
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The mechanism of lumen 
improvement varies among 
different devices  

Mechanisms of restenosis

As a result, the mechanisms of 
restenosis after coronary 
revascularization may also differ

Balloon StentAtherectomy



Mechanisms of restenosis

• PTCA
– Neointimal thickening
– Unfavorable remodeling

• Stenting
– Neointimal thickening
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Restenosis After Balloon PTCA or Atherectomy

After
PTCA

6 Months later

?



Restenosis After Balloon PTCA and Atherectomy

Intravascular 
ultrasound was 
used to assess 

lumen dimension 
dimensions during 

the follow-up 
period

Mintz GS et al. Circulation. 1996;93:924-931.



Mechanisms of restenosis

• PTCA
– Neointimal thickening
– Unfavorable remodeling

• Stenting
– Neointimal thickening



In-stent restenosis = neointimal thickening



Benestent
Balloon 0.97 0.23 0.65 0.33
Stent 1.40 0.65 0.75 0.46

Stress
Balloon 1.23 0.38 0.85 0.31
Stent 1.72 0.74 0.98 0.43

How do Stents Reduce 
Restenosis?
Acute Late Net Loss
Gain Loss Gain Index

Serruys PW et al. N Engl J Med. 1994;331:489-495.



Kimura, NEJM 1996

Similar to balloon angioplasty, stent restenosis generally 
develops within 6 months after the procedure.



Pathophysiological Processes in 
Restenosis

• De-endothelialization, 
Stretch, crush injury 
involving media

• Platelet deposition/ 
thrombus formation

• Inflammatory cells: 
resident and recruited

• Activated smooth muscle 
and endothelial cell–
derived growth factors



Leukocyte Recruitment 
Following Stenting

Rogers C et al. Arterioscler Thromb Vasc Biol. 1996
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Leukocyte Adhesion and 
Infiltration After Stenting

Rogers et al. Arterioscler Thromb Vasc Biol. 1996.
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Welt et al. Arterioscler Thromb Vasc Biol. 2000.



Leukocyte Recruitment

Adhesion Molecules
bbbb2 Integrins-
CD18 paired with:

-CD11a (LFA-1)
-CD11b (Mac-1)
-CD11c (p150,95)

Altieri et al, PNAS, 1988
Diamond et al., JCB, 1995
Digolog et al., Blood, 1988
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Chemokines
(CC) MCP-1
(CXC) IL-8

Jose Lopez, MD



Leukocyte recruitment to stented human coronaries

Rogers, Seifert, and Edelman.
Circulation, 1998

One month



* P < .05 vs baseline † P < .001 vs baseline
‡ P < .05 vs control §P < .01 vs control
|| P < .05 vs patients without restenosis

† ‡

Inoue T et al. J Am Coll Cardiol. 1996;28:1127-1133.

MAC-1(CD11b/CD18): Early Expression 
After PCI as a Marker of Restenosis Risk
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Elevated CRP Predicts Restenosis

Gaspardone A et al. Am J Cardiol.1999;84:96-98.
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? In-stent neo-atherogenesis

Park et al., Volume 59, Issue 23, 5 June 2012, Pages 2051–2057



Patterns of Restenosis

Mehran et al. Circulation Volume 100(18), 2 November 1999, pp 1872-1878 



Pharmacological Prevention of Restenosis

• Antiplatelet Agents

• Anticoagulants

• Calcium Channel Blockers

• ACE Inhibitors

•Antiproliferatives

• Corticosteroids

•Lipid-lowering agents

Negative clinical results despite
positive animal studies



Where have clinical restenosis drug 
trials gone wrong?

Biology

Pharmacology

PK/PD
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Polymer Primer Coat
Drug Matrix
Release Rate Polymer Membrane

Consider the 
coating as a 
“sponge”
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Sparse strut spacing, insoluble Sparse strut spacing, soluble

Dense strut spacing, soluble
Potential toxicity

Asymmetric strut geometry

media

strut
lumen



Asymmetric 
stent 
expansion

Hwang et al., Circ, 2001



Overlapping 
stents



Newer stent designs-NEVO
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Comparison of Drug Mechanisms
Growth Factors / Cytokines
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Paclitaxel
Pacific yew tree
1960’s: antitumor activity in vitro
1970’s-1980’s: antitumor in vivo (Ovarian, NSC lung, head & neck)

Mechanism of action
Enhances microtubule stability

Mitosis, transport, signaling, motility, shape
Alters leukocyte function (integrin binding, NO production)

Vascular applications
Sollott et al. JCI, 1995: Reduced rat SMC proliferation/migration, neointima
Axel et al. Circ, 1997: Reduced human SMC proliferation
Heldman et al, Circ, 1997: Transiently decreased pig neointima, fast stent-delivery
Hou et al.  Circ,  2000: Reduced porcine coronary neointima, intra-pericardial
Drachman et al, JACC 2000:Reduced rabbit neointima, slow stent-delivery
Grube et al, ACC 2000: Taxane-derivative, Quanum stent,

reduced clinical/angiographic restenosis



28 days

90 days

Bare Low dose, slow High dose, fast

Dose and Rate Determine 
Toxicity

Rogers et al Circ 2000



Bare High dose, fast

28 days

Low dose, slow

Endothelium

90 days

Rogers et al.  AHA  2000



Cypher Taxus Endeavor
% of Struts Endothelialized
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Sirolimus (Rapamycin) and Analogues
Arterial Injury

Growth factors & cytokines

Thrombus (platelets) Inflammation (macrophage)

Smooth
muscle

cell
Cell

Cycle

Signal

Transduction

Cell proliferation

Migration Matrix synthesis

Sirolimus
Everolimus
Zotarolimus

Receptor activation

TOR



Reduces neointima in a
28-day pig PTCA model

Gallo et al, Circulation 1999: 99, 2164-2170

Macrolide antibiotic

•FDA approved for
renal transplantation

•Cell-cycle regulation

•Antiproliferative

•Antimigratory

•Immunomodulatory

Rapamycin



Brachytherapy



Mechanisms of Brachytherapy

Sinderman et al. Cardiovascular Research, vol 63, 1, p. 22-30

Reduction in proliferation
No likely change in apoptosis
Effects ECs as well as SMCs



Mechanisms of Brachytherapy

Circulation, Volume 96(6), 16 September 1997, pp 1944-1952 

Remodeling



Brachytherapy Trials

Sheppard: Am Heart J, Volume 146(5).November 2003.775-786 



DES for in-stent restenosis

Kastrati: JAMA, Volume 293(2).January 12, 2005.165–171 



• Mechanisms of restenosis vary 
between POBA, atherectomy, 
and stent

• Remodeling plus neointimal 
hyperplasia in POBA

• Neointimal hyperplasia in stent

Summary



• Inflammation plays a central role in 
both processes

• Local drug delivery is the predominant 
mode of successful pharmacologic 
therapy to date

• Paclitaxel and Rapamycin have 
multiple effects including anti-
proliferative and anti-inflammatory 
mechanisms

Summary


