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The subspecialty of interventional cardiology has made significant progress in the
management of coronary artery disease over the past three decades with the
development of percutaneous coronary transluminal angioplasty, atherectomy,
and bare-metal and drug-eluting stents (DES). Bare-metal stents (BMS) maintain
vessel lumen diameter by acting as a scaffold and prevent collapse incurred by
angioplasty. However, these devices cause neointimal hyperplasia leading to
in-stent restenosis and requiring reintervention in more than 20% of patients by 6
mo. DES (sirolimus and paclitaxel) prevent restenosis by inhibiting neointimal
hyperplasia. However, DESs also delay endothelialization, causing the stents to
remain thrombogenic for an extended, yet unknown, period of time. Late stent
thrombosis is associated with a 45% mortality rate. Premature discontinuation of
antiplatelet therapy, particularly clopidogrel, is the strongest predictor of stent
thrombosis. Sixty percent of patients receive stents for off-label (unapproved)
indications, which also increases the frequency of stent thrombosis. Clopidogrel
and aspirin are the cornerstone of therapy in the prevention of stent thrombosis in
both BMS and DES. Recommendations pertaining to the optimal duration of
dual-antiplatelet therapy have been debated. Both the Food and Drug Administra-
tion and the American Heart Association/American College of Cardiologists, in
association with other major societies, have made recommendations to extend the
duration of dual-antiplatelet therapy in patients with DES to 1 yr. The 6-wk
duration of dual-antiplatelet therapy in patients with BMS remains unchanged. All
patients with coronary stents must remain on life-long aspirin monotherapy. Since
the introduction of percutaneous transluminal coronary angioplasty for the treat-
ment of coronary atherosclerosis, the practice of percutaneous coronary interven-
tion has undergone a dramatic transformation from simple balloon dilation
catheters to sophisticated mechanical endoprostheses. These advancements have
impacted the practice of perioperative medicine. In this series of two articles, in
Part I we will review the evolution of percutaneous coronary intervention and
discuss the issues associated with percutaneous transluminal coronary angioplasty
and coronary stenting; in Part II we will discuss perioperative issues and
management strategies of coronary stents during noncardiac surgery.
(Anesth Analg 2008;107:552–69)

THE BEGINNING OF INTERVENTIONAL CARDIOLOGY
Grüentzig and Myler performed the first coronary

angioplasty during coronary artery bypass graft
(CABG) surgery in San Francisco in May 1977.1 Grü-
entzig later performed the first coronary angioplasty
in an awake patient in Zurich, Switzerland in Septem-
ber 1977.1 In a Letter to the Editor of Lancet in
February 1978, he described the first series of percu-
taneous transluminal coronary angioplasty, per-
formed successfully in five patients.2 The technique

involved advancement of a balloon-tipped catheter
into a narrowed coronary artery, inflation of the
balloon to cause plaque compression, and removal of
the catheter after balloon deflation. However, in the
first 50 patients who underwent percutanueous trans-
luminal coronary angioplasty (PTCA), the primary
success rate was only 64% and emergency CABG was
required in 14%, with a periprocedural myocardial
infarction (MI) rate of 6%.3 As experience with PTCA
grew, its success rate increased to approximately
90%.4 Balloon dilation, by virtue of tissue injury/
trauma, produces several morphological alterations,
which occur individually or collectively.5 These in-
clude (1) endothelial denudation with rapid accumu-
lation of platelets and fibrin; (2) stretching, fracturing,
fissuring, or disruption of the atheromatous plaque,
causing intimal dissection, medial tearing, and aneu-
rysmal dilation of the media and adventitia; (3) elastic
recoil; and (4) post-injury arterial shrinkage (constric-
tive negative remodeling).5–7
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Successful PTCA thus induces a “controlled injury” of
the diseased arterial segment that accounts for its two
major limitations: acute vessel closure and restenosis.7–10

Acute vessel closure occurs within the first 24 h in
6%–8% of cases.8,11 Among patients with periprocedural
vessel occlusion, 41% suffered a MI and 72% required
CABG; the overall mortality rate was 4.9%. This rate
remained constant in subsequent registries.12 Despite
improved equipment and experience with PTCA, the
incidence of abrupt closure after balloon dilation in the
late 1980s and early 1990s remained in the range of
4%–8% with more than 20% of patients requiring emer-
gency CABG.13,14 Although patients may experience
ischemic complications (MI, CABG, death) due to inti-
mal dissection not associated with acute vessel closure,
this is an infrequent occurrence.15,16

Restenosis often occurs within the first 6 mo after
PTCA.8 This process appears to be an exaggerated
response to the controlled injury induced by PTCA
and involves mechanical, biochemical, and histologi-
cal factors.5,7,17,18 After initial elastic recoil, adventitial
myofibroblasts form vascular scar tissue; this scar
contracts, causing constrictive negative remodel-
ing.6,7,18 Endothelial injury triggers an inflammatory
response.18–20 Activated white blood cells and plate-
lets migrate and release vasoconstrictors, cytokines,
and growth factors.18–20 Consequently, medial smooth
muscle cells and adventitial myofibroblasts migrate
toward the lumen, hyper-proliferate, and secrete ele-
ments to form the extracellular matrix.18 Defined as a
more than 50% reduction in postprocedural luminal
diameter, restenosis rates have varied from 30% to
50%, with a higher incidence after saphenous vein
graft angioplasty (68.2%) and left anterior descending
angioplasty (45%).17–22 Target lesion revascularization
during 6-mo follow-up was performed in 20%–30% of
cases.22 Hirshfeld et al.21 found that restenosis rates
were inversely proportional to postprocedural lumi-
nal diameter (!2.9 mm, 44%; !2.9 mm, 34%; P "
0.036).

In the 1980s, devices specifically designed to re-
move atherosclerotic plaque were developed.6,8 By
reducing vessel wall trauma observed with PTCA,
investigators envisaged ablative devices would dimin-
ish acute vessel closure and restenosis.22 The clinical
efficacies of excimer laser coronary angioplasty and
rotational atherectomy were evaluated relative to
PTCA in the Excimer Laser, Rotational Atherectomy,
and Balloon Angioplasty Comparison study of 620
patients with high-risk angiographic lesion morphology.23

Despite significantly improved procedural success
with rotational atherectomy, restenosis rates increased
in patients treated with laser angioplasty (46%) and
rotational atherectomy (46%) compared with PTCA
(35%) (P " 0.04). The Coronary Angioplasty Versus
Excisional Atherectomy Trials and the Canadian Cor-
onary Atherectomy Trial evaluated the efficacy of
directional coronary atherectomy relative to
PTCA.24–26 None of these trials demonstrated this

technique to be superior to PTCA in reducing reste-
nosis; in fact, abrupt vessel closure and non-ST seg-
ment elevation myocardial infarction (non-STEMI)
increased with atherectomy. Further, 1-yr follow-up
revealed a significant excess mortality rate in the
atherectomy group (2.2% vs 0.6%; P " 0.035).27

THE DEVELOPMENT OF BARE-METAL STENTS
The idea of using foreign bodies to maintain arterial

luminal integrity was introduced by the Nobel laure-
ate Alexis Carrel in 1912 when he described experi-
ments in which paraffin-covered glass and metal tubes
were implanted into canine thoracic aortae.28 Dotter
and Judkins reintroduced the concept of using an
implantable prosthetic device to maintain the luminal
diameter of diseased vessels in 1964; Dotter continued
developing devices, such as self-expanding coils, over
the following two decades.29,30 Rousseau et al.31 de-
veloped flexible, self-expanding, stainless-steel mesh
tubes, which were implanted in canine coronary ar-
teries. In 1985, Palmaz et al.32 introduced the use of
balloon-mounted stents in peripheral arteries. Interest
in stent implantation in human coronary arteries in-
tensified after Schatz et al.33 reported the results of
successful percutaneous implantation of Palmaz-type
stents in canine coronary arteries. With the hope that
acute occlusion and restenosis could be alleviated,
Jacques Puel in Toulouse, France, and Ulrich Sigwart
in Lausanne, Switzerland, deployed the first human
coronary stents after PTCA in 1986.34 Twenty-four
self-expanding mesh devices were implanted in 19
patients (17 restenosis, 4 acute closure, and 3 venous
bypass grafts).34 Sigwart et al.34 also first described the
use of this stent for arterial dissection. The stent, acting
as a scaffold, optimized lumen integrity by tacking
down dissection flaps against the vessel wall, and
providing mechanical support to offset elastic recoil
during PTCA.22,35 In 1993, bare-metal stents (BMS)
were approved in the United States to treat acute and
threatened vessel closure after failed PTCA.20,36 Sub-
sequent studies confirmed the efficacy of percutane-
ous coronary intervention (PCI), with stenting as an
alternative to avoid emergency CABG surgery after
failed PTCA.37

In 1993, two landmark trials, the Belgium Nether-
lands Stent Arterial Revascularization Therapies
Study (BENESTENT) and the North American Stent
Restenosis Study (STRESS), confirmed coronary stent-
ing significantly improved angiographic and clinical
outcomes, thus establishing elective coronary stent
implantation as an accepted standard of care.38,39

These studies also prompted the Food and Drug
Administration (FDA) to approve BMS for elective use
in the United States.22 Restenosis decreased from 42%
to 32% (P " 0.04) in the STRESS trial and from 32% to
22% (P " 0.02) in the BENESTENT trial.38,39 The
incidence of target-lesion revascularization decreased
from 25% to 35% with PTCA alone to 10%–15% with
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stenting.38–40 By 1999, 84.2% of all interventions in-
volved stent insertion.5,41 Although BMS implantation
effectively eliminated acute vessel closure, initial trials
reported acute (!24 h) and subacute (24 h to 30 days)
stent thrombosis rates of 16%–24%.10,22,36,42 Thrombo-
sis had long been recognized as a serious complication
of stent implantation in both animal and early clinical
studies; aggressive anticoagulation attempts were
implemented to prevent this.32–36

The BENESTENT and STRESS studies reported
subacute stent thrombosis rates of 3.5% and 3.4%,
respectively, despite the use of a complex anticoagu-
lation regimen consisting of dextran, aspirin, dipyrid-
amole, heparin, and warfarin.38,39 The incidences of
stent thrombosis, MI and death were higher than with
PTCA alone.38,39 Thrombosis is the most devastating
complication of stent placement and manifests itself as
a STEMI in 90% of patients; 20% of patients die.43,44

Moreover, extensive anticoagulation in these patients
was associated with a 15%–18% bleeding incidence
and extended hospital stays.42,44–46 Two practices led
to a dramatic reduction in the incidence of stent
thrombosis in BMS: (1) the use of intravascular ultra-
sound and high balloon pressures to optimize appo-
sition of the stent struts to the vessel wall, and (2) the
replacement of anticoagulation with dual-antiplatelet
therapy.47,48 The combination of a thienopyridine with
aspirin became the cornerstone of antithrombotic pro-
phylaxis. Their combined effects resulted in superior
antithrombotic activity when compared to conven-
tional anticoagulation in initial studies.46–49 Initially,
ticlopidine was prescribed with aspirin. Clopidogrel
later replaced ticlopidine owing to its better safety
profile, including less frequent incidences of rash,
neutropenia, and thrombotic thrombocytopenic pur-
pura.50 These advancements effectively reduced the
incidence of BMS thrombosis to the current rate of
1.2%.51–53

The thienopyridines and aspirin selectively inhibit
platelet activation by different mechanisms. The thien-
opyridines inhibit the adenosine diphosphate (ADP)

pathway, whereas aspirin inhibits the arachidonate-
thromboxane A2 (TxA2) pathway. The complementary
mechanisms illustrate their importance in the ampli-
fication of platelet activation.

Ticlopidine and clopidogrel are prodrugs, which
are oxidized to active metabolites via the hepatic
cytochrome P450-dependent CYP3A4 pathway.54

These active moieties are reactive thiol derivatives and
are antagonists of the platelet P2Y12 ADP receptor.
The metabolites irreversibly inactivate the P2Y12 re-
ceptor subtype by covalent binding (Fig. 1). The P2Y12
receptor is negatively coupled to adenylyl cyclase
through the Gi protein, and is expressed on the
platelet membrane.55 ADP-P2Y12 downregulation of
adenylyl cyclase causes (1) amplification of the re-
sponse to ADP, thromboxane, thrombin, and collagen,
and (2) enhanced platelet activation and aggrega-
tion.56,57 P2Y12 plays a central role in thrombus forma-
tion and stabilization.57 Covalent binding of P2Y12 by
thienopyridines inhibits both mechanisms that are
otherwise essential for platelet aggregation and stabi-
lization58: (1) ADP-mediated activation of glycopro-
teins IIb/IIIa and Ia/IIa, and (2) binding of fibrinogen
to glycoprotein IIb/IIIa.58 Although the t1/2 of clopi-
dogrel is 4 h, its irreversible inhibition requires plate-
let regeneration to normalize platelet function (a 7–10
day process).

Aspirin affects the arachidonate-TxA2 pathway by
irreversibly binding the enzyme cyclooxygenase-1
(COX-1).59 Aspirin acetylates a serine residue on the
enzyme at position 530, thereby preventing the con-
version of arachidonate to the unstable prostaglandin
intermediate PGH2, which is converted to TxA2, a
potent vasoconstrictor and platelet agonist (Fig. 1). A
single dose of 160 mg completely eliminates platelet
TxA2 production (measured as its stable analog
TxB2).59 The same effect can be progressively achieved
with daily doses of 30–50 mg, or maintenance dose as
low as 0.5 mg ! kg#1 ! day#1 to provide more than 95%
inhibition of TxA2 synthesis during 24 h.59,60 High

Figure 1. The activation of complex intracellular
signaling processes causes the production and
release of various stimuli, including thrombox-
ane A2 (TxA2), thrombin, and adenosine diphos-
phate (ADP), which act by binding to their
respective G protein-coupled receptors. Thera-
pies targeted at inhibiting these receptors and
also the integrins and proteins involved in plate-
let activation include the thromboxane inhibi-
tors, the ADP receptor antagonists, the GPIIb/
IIIa inhibitors, and the novel PAR antagonists
and adhesion antagonists. (Reprinted from
Meadows TA, Bhatt DL. Clinical aspects of
platelet inhibitors and thrombus formation. Circ
Res 2007;100:1261–75. Fig. 2, p 1263).

554 Coronary Artery Stents: A Review ANESTHESIA & ANALGESIA



doses of aspirin may have antithrombotic effects inde-
pendent of platelet COX-1 inhibition: increased fi-
brinolytic activity, depressed prothrombin synthesis,
improved endothelial function, and antiinflammatory
effects.60–62

CLINICAL EFFECTIVENESS OF DUAL-ANTIPLATELET
THERAPY IN BMS

Multiple studies confirmed the clinical superiority
of combined thienopyridine and aspirin therapy to
prevent stent thrombosis in patients undergoing PCI.
Schömig et al. performed the first randomized con-
trolled study comparing the safety and efficacy of
aspirin/ticlopidine with aspirin/warfarin in patients
undergoing stent implantation. The Intracoronary
Stenting and Antithrombotic Regimen Trial reported
significantly lower incidences of death, MI, and target
vessel revascularization with aspirin and ticlopidine at
1-mo (1.6% vs 6.2%).49 Major vascular and/or bleed-
ing complications were also reduced (0% vs 6.5%).
Leon et al.63 reported similar results, randomizing
patients to receive (1) ticlopidine and aspirin, (2)
aspirin alone, or (3) aspirin plus warfarin. The 30-day
end point for the composite of death, target lesion
revascularization, angiographic-evident stent throm-
bosis, and MI, in the ticlopidine/aspirin group re-
ported a 0.5% event rate, as compared with aspirin
alone (3.6%), and to aspirin/warfarin (2.7%) (P "
0.001). However, both ticlopidine/aspirin (5.5%) and
warfarin/aspirin (6.2%) were associated with higher
rates of bleeding and vascular complications than
aspirin alone (1.8%) (P ! 0.001). The Full Anticoagu-
lation Versus Aspirin and Ticlopidine trial found
patients undergoing elective or unplanned stenting
had fewer adverse cardiac events (2.4% vs 9.9%; P "
0.01), a 41% reduction in bleeding complications, and
significantly shorter hospital stays (4.3 $ 3.6 vs 6.4 $
3.7 days; P " 0.0001) when receiving dual-antiplatelet
therapy.46

Subsequent research delineated the most effective
antiplatelet regimen. Moussa et al.64 compared the
combination of clopidogrel/aspirin with ticlopidine/
aspirin in patients undergoing PCI. At 1-mo, both
treatment regimens were equally effective, with simi-
lar rates of stent thrombosis (1.4% vs 1.5%; P " 1.0)
and major adverse cardiac events (2.4% vs 3.1%, P "
0.85). However, the incidence of side effects was lower
with clopidogrel (5.3% vs 10.6%; P " 0.006). Addi-
tional studies confirmed the efficacy of clopidogrel in
the treatment of acute coronary syndrome with PCI.
The Clopidogrel in Unstable angina to prevent Recur-
rent Events (CURE) trial showed patients with un-
stable angina or non-STEMI who received clopidogrel/
aspirin experienced 20% fewer cardiac complications
(cardiac death, MI, and stroke) than patients treated
with placebo after PCI.65 Minor bleeding was signifi-
cantly more frequent in the clopidogrel/aspirin group

(5.1% vs 2.4%; P ! 0.001). Significant bleeding com-
plications were not observed. The PCI-CURE sub-
study reported death and MI decreased by 31% at 30
days in patients receiving long-term clopidogrel/
aspirin after PCI with BMS versus aspirin/placebo
(P " 0.002).66 No difference in bleeding was observed.
Additional studies suggest prolonged therapy with
clopidogrel/aspirin improves long-term outcome.
Data from the Clopidogrel for the Reduction of Events
During Observation trial revealed treatment after PCI
with clopidogrel/aspirin beyond 30 days reduces the
combined risk of death, MI, and stroke by 26.9% at
1-yr as opposed to remaining on aspirin alone.67 The
Clopidogrel for High Atherosclerotic Risk and Isch-
emic Stabilization, Management, and Avoidance trial
demonstrated combined clopidogrel and aspirin were
beneficial in patients with established cardiovascular
disease, although no benefit was derived in patients
with risk factors for developing vascular disease.68

The current antithrombotic regimen for BMS implan-
tation involves an initial dose of clopidogrel 300–600
mg and aspirin 325 mg several hours before the
procedure. Aspirin 75–325 mg and clopidogrel 75 mg
are prescribed daily for 4–6 wks to allow stent endo-
thelialization.69,70 Aspirin is then continued for life as
secondary prevention.69,70

BMS AND IN-STENT RESTENOSIS
Despite the advancements made with BMS implan-

tation, restenosis continues to be the “Achilles heel” of
this device (Fig. 2).40 BMS are associated with a
20%–25% restenosis rate within 6 mo of implantation.
Lesion complexities, comorbidities (diabetes, renal in-
sufficiency) increase this incidence, and restenosis
rates approaching 80% have been observed in these
subgroups.21,44,71–74 Repeat revascularization occurs in
60%–80% of restenotic lesions.74 Although initial stent
placement prevents acute recoil, the stent struts trau-
matize the vascular wall provoking an inflammatory
reaction followed by an exaggerated proliferative re-
sponse within the media and adventitia, which pro-
duces greater neointimal formation when compared
with PTCA-induced restenosis.8,20,21,74 In-stent reste-
nosis incidence peaks at 3 mo, reaches a plateau
between 3 and 6 mo, but can persist beyond 1 yr after
stent deployment.21 The presence of BMS worsened
the incidence of restenosis by threefold when im-
planted in patients ineligible for the BENESTENT and
STRESS trials.75,76

In-stent restenosis is not a benign event; approxi-
mately 35% of patients present with an acute coronary
syndrome requiring reintervention in 12%–20% of
patients.77 In 2006, Chen et al.77 reported morbidity
and mortality rates of 9.5% and 0.7%, respectively.
Reintervention attempts to prevent in-stent restenosis
have included PTCA, atherectomy, repeat stenting,
and brachytherapy (intracoronary delivery of a radio-
active isotope).78,79 Yokoi et al.78 reported a recurrent
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restenosis rate of 85% when in-stent restenosis is
treated with PTCA. Brachytherapy increases stent
margin restenosis and delays endothelialization, lead-
ing to a 15.6% stent thrombotic occlusion rate.79–81

The overall failure rate is 30%.80

THE ADVENT OF DRUG-ELUTING STENTS
Drug-eluting stents (DES) were developed to pre-

vent neointimal hyperplasia (medial hyperproliferation)
and consequent restenosis while preserving vessel
architecture compromised by PTCA.82 By coating a
BMS with a polymer containing antiproliferative ma-
terial that inhibits neointimal hyperplasia, cardiolo-
gists hoped these devices would eliminate restenosis
and the need for reintervention.44,82,83 The first-
generation DES locally release either sirolimus or
paclitaxel from a nonresorbable polymer. Both agents
effectively inhibit vascular smooth cell migration and
proliferation, although by different intracellular
mechanisms79 (Table 1).

DES were approved for use in Europe in 2002. In the
United States, the FDA granted expedited review of both
DES, and approved sirolimus-eluting stents (Cypher®,
Cordis Corporation) for use in April 2003 while
paclitaxel-eluting stents (Taxus®, Boston Scientific) were

approved in March 2004. Initial approval was based on
the results of randomized controlled trials with carefully
selected patient populations (Table 2).84–93 These trials
demonstrated the superior ability of both sirolimus-DES
and paclitaxel-DES to reduce neointimal hyperplasia,
restenosis, and reintervention at 6–12 mo when com-
pared with BMS (Figs. 3D and 4D). At 2-yr follow-up
using angiography and intravascular ultrasound, the
clinical safety of DES was further established with mini-
mal late lumen loss observed in both sirolimus-DES and
paclitaxel-DES.94,95 Both types of DES have shown con-
tinued efficacy in preventing restenosis (74% reduction)
when studied 4 yrs after initial deployment (Figs. 3D and
4D).96,97 Although a meta-analysis of randomized trials
comparing paclitaxel-DES with sirolimus-DES revealed
significantly higher restenosis rates with the former (P "
0.001), clinical outcomes (death and MI) were similar in
both groups.98 In 2005, at the height of clinical enthusi-
asm, 85% of all stents implanted in the United States and
Europe were DES.99

DES AND STENT THROMBOSIS
Despite the effectiveness of DES in reducing resteno-

sis, concerns about stent thrombosis plague these de-
vices (Fig. 2). The overall risk of DES thrombosis is

Figure 2. Illustration depicting complications
of coronary artery stents: restenosis of bare
metal stent (left) and acute stent thrombosis in
drug eluting stent (right).

Table 1. Comparison of Sirolimus vs Paclitaxel

Sirolimus Paclitaxel
Origin Macrolide antibiotic produced by the

fungus Streptomyces hygroscopicus
Antineoplastic drug derived from the Pacific yew

tree, Taxus brevifolia
Type of agent Antifungal and immuno-suppressive

properties
Antineoplastic agent used in the treatment of breast

and ovarian cancers
Cellular function Cytostatic agent which possesses

antimitotic properties80
Cytotoxic agent which alters intracellular

microtubule function and impairs mitosis41

Mechanism of action Binds with the intracellular receptor,
FKBP12, inhibits down-regulation
of the cyclin-dependent kinase
inhibitor, p27K1P1, thus arresting the
cell cycle in the G1/S phase80

Binds to the N-terminal 31 residues of the "-tubulin
subunit, causing polymerization and disassembly
of the microtubules, thus inhibiting cellular
replication in the G0/G1 and G1/M phases41

Drug kinetics 100% of the drug elutes from the
polymer over 4–6 wk41

10% of the drug elutes from the polymer in the
initial 10–14 d; the remaining 90% remains
sequestered indefinitely41
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between 0.5% and 3.1%.100,101 When stent thrombosis
occurs, it is catastrophic. Fatality and MI rates associated
with stent thrombosis have ranged from 45% to 75% and

25% to 65%, respectively.102–106 Of the 1% angiographic
incidence of late stent thrombosis observed by Ong
et al.,104 75% of these patients presented with a MI, and

Figure 3. Comparison of sirolimus-eluting stents to bare-metal stents in randomized clinical trials. (Reprinted from Stone GW,
Moses JW, Ellis SG, Schofer J, Dawkins KD, Morice MC, Colombo A, Schampaert E, Grube E, Kirtane AJ, Cutlip DE, Fahy M,
Pocock SJ, Mehran R, Leon MB. Safety and efficacy of sirolimus-and paclitaxel-eluting coronary stents. N Engl J Med
2007;356:998–1008. Fig. 1, p 1004).

Table 2. Characteristics of the Study Trials Gaining Food and Drug Administration (FDA) Approval

Trial
No.

patients
Geographic

location
Months of
clopidogrel

#Stents
(mean)

6–12 mo restenosis
rates (% vs BMS) Study characteristics

6–12 mo target
lesion

revascularization

Sirolimus-eluting
stents

RAVEL85 238 Global 2 1 0% vs. 26% (!0.001) Single lesions 0%–27% (!0.001)
SIRIUS86 1058 USA 3 1.4 3.2% vs. 35.4% (!0.001) 26% vs 20% diabetics; smaller

and longer lesions
4.1%–16.6% (!0.001)

E-SIRIUS87 352 Europe 2 1.7 5.9% vs. 42.3% (!0.0001) hx of MI; longer lesions 4%–20.9% (!0.0001)
C-SIRIUS88 100 Canada 2 1.5 2.3% vs. 52.3 (!0.001) hx of MI; longer lesions 4%–18% ("0.05)

Paclitaxel-eluting
stents

TAXUS-I89 61 Germany 6 1 13.6% vs. 27.2% ("0.0006) Single lesions 0%–10% (0.237)
TAXUS-II90 536 Global 6 1 2.3% vs. 17.9% (SR) Single lesions 4.7%–12.9%

4.7% vs. 20.2% (MR) 3.8%–16.0%
(!0.0001; !0.0002) (0.03; 0.002)

TAXUS-IV91 1314 USA 6 1.08 7.9% vs. 26.6% (!0.001) 31% vs 33% diabetics 3.0%–11.3% (!0.001)
23% vs 20% smokers

TAXUS-V92 1156 USA 6 1.4 13.7% vs. 31.9% (!0.001) Longer lesions, 8.6%–15.7% (!0.001)
Larger and smaller vessels

TAXUS-VI93 446 Europe 6 1.8 9.1% vs. 32.9% (!0.0001) Longer lesions 6.8%–18.9% (!0.0001)
17.8% vs 22% diabetics

MR " moderate release; SR " slow release; MI " myocardial infarction; BMS " bare-metal stents.
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12% died. The pivotal clinical trials reported similar
early (acute and subacute) stent thrombosis rates for DES
and BMS (#1%) and attributed this complication to
mechanical factors.97,107–109 Late (30 days to 12 mo) and
very late (beyond 1 yr) stent thrombosis also occur with
BMS and DES, but the pathophysiology differs between
these devices.110 In DES, late stent thrombosis presents
as primary thrombosis.111 It is affected by the degree of
endothelial coverage and the intensity of antiplatelet
therapy.111–113 In contrast, BMS thrombosis is related to
target lesion revascularization, and carries a 0.4%–0.8%
incidence.110 However, Ferrari et al.114 reported 10 cases
of late or very late stent thrombosis occurring with BMS
after aspirin withdrawal. Those events occurred 15 $ 6.5
mo after stent implantation.

Although the initial randomized controlled trials
did not reveal an increased incidence of stent throm-
bosis, case reports and longer follow-up studies were
published suggesting otherwise. In 2003, more than
290 cases of subacute stent thrombosis occurring after
sirolimus-DES implantation were reported to the
FDA; a 20% mortality rate was also reported.107 Cases

of premature discontinuation of clopidogrel were as-
sociated with subacute stent thrombosis.115 Jeremias
et al.116 reported a 1.1% incidence of subacute stent
thrombosis at a mean of 7 days postsirolimus-DES
implantation. All patients had prematurely stopped
clopidogrel, increasing the risk of stent thrombosis by
30-fold. The first case of late stent thrombosis in a
sirolimus-DES was published in 2003.117 Clopidogrel
was discontinued after 4 wks of dual-antiplatelet
therapy; late stent thrombosis and a nonfatal MI
occurred 2 wks later. McFadden et al.118 reported the
first case series of late stent thrombosis in 2004. Late
stent thrombosis and MI occurred in four patients
with DES (two sirolimus-DES; two paclitaxel-DES)
after discontinuation (4–14 days earlier) of antiplatelet
therapy. In all four cases, the DES had been implanted
longer than a year. One patient with a sirolimus-DES
stopped both clopidogrel and aspirin; the remaining
patients were taking aspirin only. Of interest, three of
the four patients were undergoing noncardiac sur-
gery. Karvouni et al.119 reported a case of very late
stent thrombosis in a diabetic patient 17 mo after

Figure 4. Comparison of paclitaxel-eluting stents to bare-metal stents in randomized clinical trials. (Reprinted from Stone GW,
Moses JW, Ellis SG, Schofer J, Dawkins KD, Morice MC, Colombo A, Schampaert E, Grube E, Kirtane AJ, Cutlip DE, Fahy M,
Pocock SJ, Mehran R, Leon MB. Safety and efficacy of sirolimus-and paclitaxel-eluting coronary stents. N Engl J Med
2007;356:998–1008. Fig. 2, p 1005).
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sirolimus-DES implantation; he had taken clopidogrel
for 9 mo and remained on aspirin monotherapy.
Waters et al.120 published a case of late stent throm-
bosis in a left circumflex-sirolimus-DES after a 6-mo
course of dual-antiplatelet therapy and life-long aspi-
rin therapy. These serendipitous findings created an
intense debate, questioning the safety of DES.

Research continues to elucidate the pathophysiol-
ogy of stent thrombosis. Experimental models of BMS
demonstrated complete endothelialization at 28 days,
whereas at 6 mo, DES uniformly revealed incomplete
healing, fibrin deposition, and inflammatory cells,
indicating a hypersensitivity reaction.100,121–123 In late
2003, the FDA notified physicians of possible hyper-
sensitivity reactions to sirolimus-DES associated with
stent thrombosis.124 In autopsy studies of DES im-
planted 1–4 yrs, Virmani et al. found eosinophilic
inflammation, thrombus, impaired vessel healing, per-
sistent fibrin deposition and poor endothelialization in
45% of the stents (Fig. 5).115,125–130 Sirolimus and
paclitaxel impair endothelial function both within the

stent and in the distal coronary artery, leading to
delayed arterial healing of the stent itself, as well as
enhancing the risk for distal arterial ischemia and
coronary occlusion.111 Both antiproliferative agents
enhance the expression of endothelial cell tissue fac-
tor, creating a prothrombogenic environment.111,131

Sirolimus has also been shown to directly activate
platelets, induce local platelet aggregation, and con-
tribute to local thrombus formation at the stent
site.131,132 The most powerful histological predictor of
stent thrombosis has been incomplete endothelial cov-
erage (P ! 0.00005).113 Kotani et al.127 performed
angioscopy in sirolimus-DES and BMS 3 to 6 mo after
implantation, and compared the extent of neointimal
coverage. All of the BMS were completely endotheli-
alized, whereas 86.7% of the sirolimus-DES were not;
50% of these contained thrombi. Investigators ana-
lyzed the histology of restenosis retrieved from
paclitaxel-DES, sirolimus-DES, and BMS of patients
presenting for reintervention.128 DES showed incom-
plete neointimal healing with fibrinoid deposition

Figure 5. Line chart comparing the percentage of endothelialization in drug-eluting stents (DES) versus bare-metal stents
(BMS) as a function of time. Note that DES (solid line) consistently show less endothelialization compared with BMS (dashed
line) regardless of time point. Even beyond 40 mo DES are not fully endothelialized, whereas BMS are completely covered
by 6 to 7 mo. (Reprinted from Joner M, Finn AV, Farb A, Mont EK, Kolodgie FD, Ladich E, Kutys R, Skorija K, Gold HK,
Virmani R. Pathology of drug-eluting stents in humans: delayed healing and late thrombotic risk. J Am Coll Cardiol
2006;48:193–202. Fig. 2, p 195).
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two yrs after implantation. Patients with paclitaxel-
DES restenosis presented more frequently with un-
stable angina and showed more pronounced signs of
delayed healing than sirolimus-DES. Additional pre-
dictors for late stent thrombosis are included in
Table 3.115,133–137

Several studies and registries have identified pre-
dictors of DES thrombosis. Of these, acute coronary
syndrome, left ventricular ejection fraction #30%,
bifurcation treatment, renal insufficiency, diabetes,
and premature or standard discontinuation of anti-
platelet therapy were the strongest predictors of
cumulative stent thrombosis.106,130,133,134,138–148 Pre-
mature discontinuation of clopidogrel remains the
strongest independent predictor of stent thrombosis in
multivariate analysis.106,138–148 Iakovou et al.106 found
a more frequent prevalence of diabetes, multivessel
disease, small reference-vessel diameter, and complex
lesions in 2229 nonrandomized patients who prospec-
tively received DES. Again, the strongest independent
predictor of stent thrombosis remained premature
clopidogrel discontinuation (P ! 0.001). Park et al.139

reported a 7.8% stent thrombosis rate in patients who
prematurely stopped clopidogrel, aspirin, or both. An
analysis from the Prospective Registry Evaluating Myo-
cardial Infarction: Events and Recovery (PREMIER) Reg-
istry, which studied 500 patients with acute MI treated

with DES, reported a 7.5% mortality rate among
patients who had prematurely discontinued thienopy-
ridine therapy; patients who remained on clopidogrel
and aspirin experienced a 0.7% mortality rate (P !
0.0001).140 Ellis et al.141 recently performed a meta-
analysis of the Taxus II–VI trials to determine the
incidence of late and very late stent thrombosis in
patients followed 3 yrs after paclitaxel-DES implanta-
tion. In the initial 6 mo, an incidence of 0.8% was
observed with both paclitaxel-DES and BMS. Beyond
6 mo, there was a 0.4% absolute increased risk of stent
thrombosis in patients with paclitaxel-DES, and all
patients who were diagnosed with late or very late
stent thrombosis had discontinued clopidogrel. Time
from clopidogrel termination to stent thrombosis
ranged from 42 to 800 days. One case of very late stent
thrombosis occurred when aspirin and clopidogrel
were discontinued 5 days before surgery.

Kuchulakanti et al.142 evaluated the correlates of
angiographically proven stent thrombosis from a co-
hort of 2974 consecutive patients treated with DES. In
this prospective registry with 12-mo follow-up, the
mean duration to late stent thrombosis was 152.7 $
100.4 days. The incidence of late stent thrombosis was
higher in patients who discontinued clopidogrel
therapy than in patients who continued clopidogrel
(36.8% vs 10.7%; P ! 0.0001). The 6-mo mortality rate
in patients with late stent thrombosis was 31% (P !
0.001). In addition to clopidogrel discontinuation, in-
dependent predictors of stent thrombosis included
renal failure, bifurcation lesions, and increased degree
of restenosis. The authors concluded that strict adher-
ence to clopidogrel compliance is paramount in pa-
tients with increased risk factors for stent thrombosis
after DES implantation. Eisenstein et al.143 observed
continued clopidogrel use at 6, 12, and 24 mo was
associated with a significantly lower rate of cardiac
death and MI as compared with patients who had
discontinued clopidogrel at 6 or 12 mo (Fig. 6).

Resistance to antiplatelet therapy has been cited as
a risk factor for developing stent thrombosis.149 Four
percent to 30% of patients respond inadequately to
clopidogrel on in vitro testing, and 4%–45% respond
inadequately to aspirin.150,151 Evidence suggests pa-
tients with stent thrombosis have abnormally high
rates of excessive platelet activity.152,153 Wenaweser et
al.149 reported 48% of patients with stent thrombosis
had impaired in vitro responses to aspirin compared
with 32% of patients without stent thrombosis (P "
0.01). Although clopidogrel resistance was similar
between patients with stent thrombosis and patient
controls, combined aspirin/clopidogrel resistance was
significantly higher in patients with stent thrombosis
(52%, P ! 0.05).149

Most cases of aspirin and clopidogrel resistance
result from patient noncompliance and improper phy-
sician dosing.151,154 Alternatively, compliant patients
may have poor intestinal absorption or decreased
receptor binding secondary to drug interactions.151,155–160

Table 3A. Off-Label (Non-Food and Drug Administration %FDA&
Approved) Uses of Drug-Eluting Stents (DES)/Predictors of
Drug-Eluting Stent Thrombosis

Advanced age Long stent length
Acute coronary syndrome Multiple lesions
Diabetes Overlapping stents
Low ejection fraction Ostial or bifurcation

lesions
Prior brachytherapy Small vessels
Renal failure Suboptimal stent results
Resistance to aspirin/clopidogrel Stent mal-apposition
Premature discontinuation of

antiplatelet therapy
Persistent dissection

Saphenous vein graft stenting
(strut penetration into a
necrotic core)

Stent underexpansion/
overexpansion

Left main coronary artery
stenting (discontinuation of
standard antiplatelet
therapy)

Multivessel stenting

Lesion with chronic total
occlusion

Vessels with in-stent
restenosis

3B. On-label (FDA-approved) use of drug-eluting stents

Single de novo lesion in a
native coronary artery in
patients with stable coronary
artery disease

Cypher" (sirolimus) 2.5–3.5
mm reference vessel
diameter, #30 mm long

Taxus" (paclitaxel) 2.5–3.75
mm reference vessel
diameter, #28 mm long
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Studies suggest response variability to clopidogrel may
be dose-dependent.153,161 Multiple cellular etiologies
have been described.55,150,162 Increased levels of urinary
11-dehydro TxB2 (a marker of thromboxane generation)
have been associated with heightened risk of MI and
cardiac death.156 Genetic etiologies include polymor-
phisms of COX-1, P2Y12, and CYP3A4.150,155,163–165 How-
ever, there is no universally accepted test for antiplatelet
resistance, and consequently its prevalence varies
among studies.155 Moreover, there is no consensus as to
the role antiplatelet resistance may play in late stent
thrombosis.166

THE CONTROVERSY INTENSIFIES
The current firestorm regarding DES was ignited by

the findings of two meta-analyses presented at the
American College of Cardiology’s 55th Annual Scien-
tific Session in March 2006 and the European Society
of Cardiology/World Congress of Cardiology meet-
ing in September 2006.144 These studies confirmed that
late stent thrombosis occurs more frequently than
reported in randomized controlled trials. The Basel
Stent Kosten Effektivitäts Trial-Late Thrombotic Events
(BASKET-LATE) study presented in March 2006
sought to determine the true incidence of late stent
thrombosis, MI, and death in 746 patients randomized
to receive DES or BMS who had remained on dual-
antiplatelet therapy for 6 mo. The patients had not
experienced an adverse cardiac event during that
period.147 At 6 mo, clopidogrel was stopped and
patients were followed an additional 12 mo. In addi-
tion to a 19% mortality rate and an 88% composite rate
of death or MI, the researchers found the following: (1)
late stent thrombosis-related events (death and MI)
occurred two to three times more frequently in pa-
tients with DES than those with BMS (Fig. 7); (2) late
stent thrombosis carried a four times higher risk of

cardiac death/MI (P ! 0.0001, Fig. 8); and (3) late stent
thrombosis and its complications occurred up to 1 yr
after clopidogrel discontinuation. The authors con-
cluded that while DES use in 100 patients avoids five
target lesion revascularization events at 6 mo, it un-
fortunately leads to 3.3 late deaths or MI. Camenzind
et al. presented in September 2006 a meta-analysis of
all company-supported randomized trials (RAVEL,
SIRIUS, E-SIRIUS, C-SIRIUS, and TAXUS I-VI) com-
paring sirolimus-DES and paclitaxel-DES with BMS
controls for an average 3-yr follow-up.145,146 Sirolimus-
DES were associated with a 60% relative increase in
death or MI (P " 0.03), whereas paclitaxel-DES dem-
onstrated a statistically insignificant 15% increase. The
authors concluded late stent thrombosis and discon-
tinuation of antiplatelet therapy caused the higher
rates of death and MI.

Figure 6. Six-month landmark analysis of pa-
tients who discontinued clopidogrel use at 6 and
12 mo versus continuing to 24 months. Drug-
eluting stents (DES) 7.2 vs 3.1, P " 0.02; bare-
metal stents (BMS) 6.0 vs 5.5, P " 0.70 (Reprinted
from Eisenstein EL, Anstrom KJ, Kong DF, Shaw
LK, Tuttle RH, Mark DB, Kramer JM, Har-
rington RA, Matchar DB, Kandzari DE, Peterson
ED, Schulman KA, Califf RM. Clopidogrel use
and long-term clinical outcomes after drug-
eluting stent implantation. JAMA 2007;297:159–68.
Fig. 2, p 164).

Figure 7. Outcomes related to late stent thrombosis. MI "
myocardial infarction. (Reprinted from Gruberg L. BASKET-
LATE: Late clinical events related to late stent thrombosis
after stopping clopidogrel: drug-eluting vs bare-metal stent-
ing. Available at: http://www.medscape.com/viewarticle/
529648. Accessed June 12, 2007. Fig. 3).
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In response, several investigators performed 4-yr
follow-up analyses of the initial pivotal trials to sup-
port the safety and efficacy of these devices95,167 (Figs.
3 and 4). Further, as the definition of thrombosis varies
among studies, adding to the confusion and disagree-
ment among investigators, the Academic Research
Consortium (ARC) recently proposed standardized
definitions in an effort to develop uniformity and
improve sensitivity for the diagnosis of stent throm-
bosis.109,168 These subsequent meta-analyses were per-
formed using these definitions. In their examination of
the data from the RAVEL, SIRIUS, and TAXUS trials,
Mauri et al.109 reported no statistical difference in the
cumulative incidence of stent thrombosis (paclitaxel-
DES 1.3% vs BMS 0.8%, P " 0.24; sirolimus-DES 1.2%
vs BMS 0.6%, P " 0.20), although the power to detect
such differences was limited. When compared with
BMS, Stone et al.97 detected a small, but significant
increase in the incidence of late stent thrombosis for
both sirolimus-DES (0.6% vs 0%; P " 0.025) and
paclitaxel-DES (0.7% vs 0.2%; P " 0.028) 1 to 4 yrs after
implantation. No differences in death or MI were
initially observed. However, a reanalysis of the data
demonstrated a threefold increase in the composite of
death and MI after 1 yr (P " 0.05); the 3-yr incidence
was 1.2% with paclitaxel-DES versus 0.7% with
BMS.169,170 Although Kastrati et al.171 found an in-
creased rate of very late stent thrombosis with
sirolimus-DES compared with BMS (0.6% vs 0.05%;
P " 0.02), there was no difference in 5-yr mortality.
Spaulding et al.169 also did not detect any difference in
the incidence of MI or stent thrombosis after a 4-yr
follow-up, but the survival rate for diabetics with BMS
was significantly higher than in diabetics with
sirolimus-DES (95.6% vs 87.8%, P " 0.008). Babapulle
et al.170 performed a meta-analysis of 11 trials, show-
ing DES were effective at decreasing rates of death
and MI (DES 7.8% vs BMS 16.4%) by reducing rates of
target vessel revascularization.

Nonrandomized registries more representative of
clinical practice and additional meta-analyses of piv-
otal trial data have challenged these findings, particu-
larly when the ARC definitions are not applied. The
ARC definitions may introduce bias in favor of DES
and are not universally accepted. Iakovou et al.106

observed a 1.3% incidence of stent thrombosis with a

45% mortality rate. In 2005, Bavry et al.108,172 per-
formed a meta-analysis of eight randomized clinical
trials, finding no difference in stent thrombosis be-
tween DES and BMS; the investigators performed a
subsequent meta-analysis of 14 randomized clinical
trials in 2006 and found DES increased the risk for late
stent thrombosis by four- to fivefold. The median
thrombosis time was 15.5–18 mo; a greater incidence
of late stent thrombosis was seen with paclitaxel-DES.
In 2007, Lagerqvist et al.105 performed a 3-yr outcomes
analysis comparing 6033 patients treated with DES
versus 13,738 treated with BMS through the Swedish
Coronary Angiography and Angioplasty Registry
(SCAAR). DES implantation was associated with a
32% relative increase in death from 6 mo to 3 yrs. The
absolute risk of death increased 0.5%–1.0% per yr. The
authors noted a higher frequency of comorbidities and
procedural complexities associated with DES use and
hypothesized stent thrombosis caused the increased
mortality. Further, the incidence of reintervention was
the same for DES and BMS (14.7% vs 14.5%), question-
ing the benefit of DES. However, when the authors
studied data from 2005 (yr 4), they found no difference
in the relative risk for death and MI (RR " 1.01 for
both groups). The authors attributed this improve-
ment in outcome to better technique and longer dura-
tion of clopidogrel therapy. Daemen et al.173 evaluated
the incidence of late stent thrombosis in unrestricted
use of DES in routine clinical practice. Between 2002
and 2005, a persistent excess stent thrombosis risk of
0.6% per year was found compared with historical
control subjects who received BMS. The Evaluation of
Active Stent (EVASTENT) study evaluated sirolimus-
DES in diabetics and nondiabetics.174 At 1 yr, the stent
thrombosis and mortality rates were 1.8-times and
3.1-times higher, respectively, in diabetics (P ! 0.001).

The disparity among the various studies has gen-
erated both confusion and controversy. Those who
dispute the safety of DES question the validity of the
pivotal trial data, which excluded the highest risk
patients: the population who are currently receiving
DES. The prospective, randomized controlled trials
are considered not to have adequate power to reliably
detect late stent thrombosis or to evaluate clinically
relevant end points (death or MI).175 Moreover, these
pivotal trials and their analyses were based on the

Figure 8. Incidences of death/myocardial in-
farction and composite of death and myocar-
dial infarction related to stent thrombosis in
patients with drug-eluting stents. (Reprinted
from Gruberg L. BASKET-LATE: Late clinical
events related to late stent thrombosis after
stopping clopidogrel: drug-eluting vs bare-
metal stenting. Available at: http://www.
medscape.com/viewarticle/529648. Accessed
June 12, 2007.)
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original indications for which the FDA approved the
use of DES, which were defined by the inclusion and
exclusion criteria of the original trials themselves.167

Use within these well-defined criteria is termed “on-
label.”176 Currently, 40% of DES are implanted for
on-label indications (Table 3).167,176 The remaining
60% of use is “off-label,” currently unapproved by the
FDA, occurring in patients with comorbidities or with
complex coronary lesions (Table 3).138,148,176 This
population more accurately reflects those patients
represented in nonrandomized trials, registries, and
clinical practice. Unfortunately, these same comorbidi-
ties and lesion complexities are also predictors of stent
thrombosis, suggesting serious complications are
higher in off-label populations compared with their
less-complex, on-label counterparts (Table 3).148 The
Aspirin to Reduce Risk of Initial Vascular Events
(ARRIVE) registry of nonrandomized unrestricted
paclitaxel-DES use comparing off- and on-label use
found off-label use was associated with higher rates of
death (6.5% vs 4.6%; P " 0.08), MI (3.6% vs 2.1%; P !
0.0001), and stent thrombosis (3.0% vs 1.4%; P !
0.0001) at 2 yrs.177 Win et al.138 recently published data
from a prospective registry of patients receiving DES
for on- and off-label use. At 1-yr, the composite of
death and MI occurred more frequently with off-label
use (17.5% vs 8.9%, P ! 0.001). Similar results have
been confirmed in other studies and registries.138–148

Along with the stent thrombosis issue, the subject
of the appropriate duration of dual-antiplatelet
therapy came under scrutiny. The initial recommen-
dations made for both sirolimus-DES and paclitaxel-
DES were completely arbitrary, and the FDA, American
Heart Association/American College of Cardiology/
Society for Cardiovascular Angiography Interventions
(AHA/ACC/SCAI) and the stent manufacturers ad-
vised patients to remain on clopidogrel and aspirin for
3 (sirolimus-DES) and 6 (paclitaxel-DES) mo followed
by life-long aspirin therapy without validation by
scientific arguments (Table 2).128,178–181 However, data
from several studies suggest a longer duration of
antiplatelet therapy than is currently included in the
product labeling may be beneficial.138–148 In 2005, the
European Society of Cardiology and the AHA/ACC/
SCAI extended the recommended duration of therapy,
ideally for up to 12 mo, in patients at low risk of
bleeding.182,183 As publications continued questioning
the safety of DES, the FDA convened in December
2006 to review then-current data relevant to stent
thrombosis, and to address the appropriate duration
of dual-antiplatelet therapy in both on- and off-label
use of DES. The FDA concluded that (1) when DES are
used for their approved, or on-label, indications, the
risk of thrombosis does not outweigh their advantages
over BMS in reducing the rate of revascularization;
and (2) off-label use is associated with a higher rate of
stent thrombosis, MI and death.94,115,148 With respect
to dual-antiplatelet therapy, the panel concluded there
was sufficient data to suggest a prolonged course of

clopidogrel was beneficial, but the ideal duration was
unknown.148“Premature discontinuation, however, of
dual-antiplatelet therapy after DES implantation does
appear to be associated with an increased risk of stent
thrombosis, death, and MI. These risks may even be
higher in the off-label compared with the on-label use
of DES.148” After the FDA deliberations, a scientific
advisory endorsed by five major professional societies
was published in January 2007.183 This advisory, writ-
ten by the ACC/AHA/SCAI, the American College of
Surgeons and the American Dental Association, em-
phasized the importance of 12-mo dual-antiplatelet
therapy and life-long aspirin therapy after DES im-
plantation. However, the ideal duration of dual-
antiplatelet therapy is not yet known, and may need to
be extended beyond one-year in patients with addi-
tional risk factors for stent thrombosis.184–187 The
National Heart, Lung, and Blood Institute also con-
vened a panel of representatives from academia, in-
dustry, and the FDA in January 2007 to readdress the
issues raised during the FDA panel, and emphasized
the importance of evidence-based medicine to resolve
these continuing controversies.144

CONCLUSION
The progress of interventional cardiology over the

last three decades has revolutionized the treatment of
coronary artery disease. However, the enthusiasm for
each advance has been fraught with unforeseen com-
plications, which subsequently limit its use. This is of
benefit, as clinicians must decide the most appropriate
procedure for their patients; DES may not be the
panacea once thought. In fact, the data accumulated
over the last 5 yrs have caused cardiologists to care-
fully deliberate the most appropriate stent(s) to im-
plant in a patient, with a decline in DES use from 90%
to the current rate of 70%. Research is focused on
developing more biocompatible absorbable coatings
and newer drugs with biological targets other than
smooth muscle proliferation.110 Development of more
biocompatible and bioabsorbable stents facilitating
adequate endothelialization is expected in the near
future.110 Second-generation DES, containing everoli-
mus or zotarolimus, are undergoing clinical trials to
assess their ability to resolve the issues discovered
with the first generation of DES. Virmani188 has dem-
onstrated complete endothelialization in animal mod-
els, suggesting a better safety profile with these stents.
Despite these new technologies, there must still be
focus on the stents already implanted to ensure pa-
tient safety and improve outcomes.
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The management of patients with coronary artery stents during the perioperative
period is one of the most important patient safety issues clinicians confront.
Perioperative stent thrombosis is a life-threatening complication for patients with
either bare-metal or drug-eluting stents. Noncardiac surgery appears to increase
the risk of stent thrombosis, myocardial infarction, and death, particularly when
patients undergo surgery early after stent implantation. The incidence of compli-
cations is further increased when dual-antiplatelet therapy is discontinued preopera-
tively. It is generally agreed that aspirin must be continued throughout the perioper-
ative period, except in circumstances when the risk of bleeding significantly outweighs
the benefit of continued anticoagulation, such as procedures performed in a closed
space. We present considerations for regional anesthesia, as well as postoperative
recommendations as the occurrence of perioperative stent thrombosis appears to be
greatest during this period. Immediate percutaneous coronary intervention is the
definitive treatment for perioperative stent thrombosis, and 24-h access to an interven-
tional cardiology suite should be readily available. Algorithms for perioperative
management of patients with bare-metal and drug-eluting stents are proposed.
(Anesth Analg 2008;107:570–90)

Nearly 23 yr after the first percutaneous coronary
interventions (PCIs) were performed, reports of del-
eterious outcomes in patients undergoing noncardiac
surgery who had previously undergone PCI appeared
in the literature.1 Of the more than 2 million patients
undergoing PCI annually, more than 90% will receive
one or more intracoronary stents.2 Approximately 5%
of patients in this group will undergo noncardiac
surgery within the first year after stenting, and an
increasing number will continue to present for surgery
thereafter.3 Because success of the stents requires
long-term antiplatelet therapy, management of pa-
tients with these devices poses a dilemma to the
anesthesiologist. This is Part II in a series that reviews
perioperative issues and management related to cor-
onary artery stents relevant to the anesthesiologist.

CORONARY ARTERY STENTS
AND NONCARDIAC SURGERY

Discontinuation of antiplatelet therapy relatively
soon after PCI with stenting confers significant mor-
bidity and mortality during noncardiac surgery

(Tables 1 and 2). Because stent endothelialization may
not yet be complete at the time of surgery, abrupt
discontinuation of clopidogrel and aspirin combined
with the prothrombotic state induced by surgery
increases the risk of acute perioperative stent throm-
bosis and abrupt vessel closure, leading to significant
morbidity and mortality (Fig. 1). Kaluza et al. reported
7 myocardial infarctions (MIs) and 8 major bleeding
episodes in patients who underwent elective noncardiac
surgery !14 days after PCI with bare-metal stenting
(BMS)1 (Table 1). Mortality occurred in six of the patients
who suffered postoperative MIs and in two of the
patients who developed major postoperative bleeding.
Moreover, patients who stopped all or part of their
antiplatelet regimen preoperatively died. In two patients
who underwent immediate cardiac catheterization, stent
thrombosis was confirmed angiographically, and was
presumed to occur in the remaining patients who suf-
fered MIs diagnosed by electrocardiographic criteria.
Despite the 2002 American Heart Association/American
College of Cardiology (AHA/ACC) guidelines, which
recommended a 4–6 wk interval between BMS and
noncardiac surgery “to allow 4 full weeks of dual-
antiplatelet therapy and re-endothelialization of the stent
to be completed, or nearly so,” reports of perioperative
morbidity and mortality continued to be published4–9

(Table 1). Sharma et al. reported an 85.7% mortality rate
among patients who stopped thienopyridine therapy
and underwent surgery within 3 wk of BMS implanta-
tion.6 Wilson et al. reported 4% morbidity and 3%
mortality rates among patients who stopped dual-
antiplatelet therapy preoperatively and underwent sur-
gery within 6 wk of BMS placement.7 The authors
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Table 1. Percutaneous Coronary Intervention with Bare-Metal Stenting and Noncardiac Surgery

Study
author

Type of
study

No. of patient/
date

Type of
PCI

Time from
PCI to surgery

Surgical
procedures

Antiplatelet
therapy

Perioperative
management of
dual antiplatelet

therapy
Outcome and time to
adverse cardiac event

Kaluza
et al.
20001

CS 40 (1996–98) BMS 1–39 d
average
13 d

General 10%
Cardiac 2.5%
Thoracic 5%
Vascular 75%
Urologic 7.5%

100% patients
received !1
dose of
ticlopidine
after PCI

100% patients
were receiving
ASA before
PCI

Dual APT was
continued for
variable
period of time
after PCI

9 patients
received
abciximab
during PCI

Management for
patients with
MI/death
(n " 9)

8/9: ASA
withheld 0–2 d
preop

6/9 ticlopidine
discontinued
0–2 d preop

1/9 dual APT
continued

31/40 most had
dual-APT
discontinued
0–1 day preop
& restarted 0–1
day postop

Death (n " 8, 20%); MI
(n " 7, 18%, 6 fatal, 1
nonfatal); 4/7 MI
occurred within 24 hr
postop

11 major bleeding
episodes (28%, 6 in
patients who died)

All deaths, MI, 8/11
bleeding episodes
occurred in patients
who underwent
surgery within 14 d
of PCI; death/MI
occurred within 6 d
of PCI

Vicenzi
et al.
20015

CR 1 (2000) BMS 32 d Urologic Aspirin only ASA stopped 5 d
preop and
LMWH
administered

MI 2 hr postop; PCI
performed with
successful
recanalization of stent

Wilson
et al.
20037

R 207 (1990–2000) BMS 1–60 d Vascular 57.8%
Orthopedic 7.8%
Genitourinary

5.8%
General 8.3%
Thoracic 7.3%
Head/neck 4.4%
Breast 2.4%
Other 5.8%

All patients
started on
ASA/heparin
prior to
procedure

1995: ticlopidine
started before
PCI and
continued
with ASA 2–4
post-PCI

1998: clopidogrel
substituted
and continued
with ASA for
2–4 wks

At time of
surgery:

ASA/thieno 27%
(n " 54)

ASA continued/
thieno stopped
#10 d before
surgery 14%
(n " 29)

ASA/Warfarin 2%
(n " 4)

ASA alone 51%
(n " 104)

No APT/ACT for
!10 d 6%
(n " 13)

Death/MI/stent
thrombosis 4%
(n " 8)

All adverse cardiac
events occurred in
patients who
underwent surgery
within 6 wks of PCI

No adverse cardiac
events in patients
who underwent
surgery 7–9 wks after
PCI

2 patients with
excessive bleeding
(1 ASA only; 1
ASA/Thieno)

43% (n " 23) patients
on ASA/thieno
received transfusion –
all related to PCI
complications

7/8 adverse events – on
thieno/ASA

Marcucci
et al.
20048

CR 1 (2003) BMS
(1-LAD; 1
LCx)

6 wk Thoracic Dual APT with
ASA/
clopidogrel
for 4 wk

Clopidogrel
stopped 2 wk
preop; ASA
continued

MI secondary to LAD
stent thrombosis 1 hour
postop; PCI performed
with successful
recanalization patient
died of cardiogenic
chock 4 d later

Sharma
et al.
20046

R 47 (1995–2000) BMS All patients:
#90 d–

27 pts #3 wk
20 pts !3 wk

Vascular
GI
Urologic
Cancer
Ortho
No difference

between
groups (#3
wk vs !3 wk)

Dual APT 2–4
wk

1995–98:
ASA/ticlopidine

1998–2000: ASA/
clopidogrel

#3 wk: 7/27
patients
stopped thieno
5$ d preop

!3 wk: 6/20
patients
stopped thieno
5$ d preop

#3 wk: 6/7 patients off
thieno died (85.7%
mortality); 1 patient
died while on dual
APT

!3 wk: 1/6 patients off
thieno died (16.6%
mortality); 2 patients
suffered non-STEMI
(no thieno); all deaths
occurred early postop
(#17 d)

No difference in
bleeding between
patients on/off thieno

(Continued)
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recommended a 6-wk course of dual-antiplatelet
therapy, presuming that BMS endothelialization would
be completed during this time, thereby preventing peri-
operative stent thrombosis and its sequelae. The most
powerful predictor of acute stent thrombosis in BMS is a
time delay of !14 days between implantation and inter-
ruption of dual-antiplatelet therapy.10 The current 2007
ACC/AHA Perioperative Guidelines state BMS throm-
bosis is exceedingly rare more than 4 wk after inser-
tion.11–13 However, Doyle et al. suggest otherwise.14 In
their retrospective study of 4503 patients, the investigators
found a 2% cumulative incidence in BMS thrombosis
at 10 yr, which was increased among patients consid-
ered “off-label” for drug-eluting stent (DES) use (P "
0.024). Very late (#12 mo) BMS thrombosis was also
associated with increased risk of death (P ! 0.001).
However, the authors did not mention whether any of
these cases occurred perioperatively.

Numerous publications of perioperative morbidity
and mortality in patients with DES, coupled with
clinical and pathology reports of incomplete stent
endothelialization, suggest that acute stent thrombo-
sis, MI, and death may be more prevalent than previ-
ously thought with these devices, particularly when

dual-antiplatelet therapy is interrupted periopera-
tively15–43 (Table 2). Currently, there are no available
diagnostic tests to determine whether adequate stent
endothelialization has occurred. Cook et al. performed
intravascular ultrasound in 13 patients with very late
(#1 yr) DES thrombosis, and found a high prevalence of
incomplete stent apposition in these devices (P !
0.001).44 The authors suggested that this finding
may play a role in delaying endothelialization and
causing thrombus formation. Of interest, three pa-
tients who developed perioperative stent thrombosis
after discontinuation of dual-antiplatelet therapy
were included in this study. Perioperative stent
thrombosis can occur as late as 4 yr after DES inser-
tion, despite prolonged periods of dual-antiplatelet
therapy.41 Artang and Dieter reviewed 36 cases of
late stent thrombosis in patients receiving DES and
found a strong association between late stent throm-
bosis (#30 days after deployment) and cessation of
dual-antiplatelet therapy45 (Fig. 2). The median time
from stent deployment to an adverse clinical event
(MI, death) was 242 days (range, 39 –927 days).
Overall, 55% of patients discontinued both clopi-
dogrel and aspirin treatment, and 86.3% of patients

Table 1. Continued

Study
author

Type of
study

No. of patient/
date

Type of
PCI

Time from
PCI to surgery

Surgical
procedures

Antiplatelet
therapy

Perioperative
management of
dual antiplatelet

therapy
Outcome and time to
adverse cardiac event

Reddy
et al.
20059

R 56 (1993–2004) BMS 0–14 d: 8 pts
15–42 d: 8 pts
#42 d: 40 pts

Vascular 20%
Abdominal 18%
Ortho 13%
Ophtho 11%
GYN/GU 11%
ENT 7%
Neuro 7%
Transplant 5%

21%-GPIIb/IIIa
inhibitors

14%-heparin
98%-on ASA

after PCI
96%-on

clopidogrel
after PCI

79% taking ASA;
32% clopidogrel
Time to

discontinuation
of ASA/
clopidogrel not
reported

0–14 d: 2 MI, 1 death, 1
major bleeding

15–42 d: 4 MI, 3 deaths,
2 major bleeding

#42 d: no adverse
events of patients
with MI/death

60% taking ASA and 60
taking clopidogrel
(patients no specified)

Vicenzi
et al.
20063

P/O 103 (2001–2004) 25 BMS
5 DES
79 cases:

stent
type not
reported

Within 1 yr
Vascular

25.2%
ENT 2.9%
Orthopedic

6.8%
Reconstructive

7.8%
Neurologic

3.9%
Thoracic 1.9%
Other 11.7%

General 26.2%
Urologic 13.6%

ASA plus
clopidogrel

ASA plus
clopidogrel
either continued
throughout
periop period
or stopped !3
d preop

100% patients
received either
UFH or LMWH
in therapeutic
doses

Cardiac complications
44%; death 5%; MI
13%; myocardial cell
injury 22%; bleeding
4%

All cardiac
complications
occurred within 60 d
of PCI

2.11-fold risk of
suffering cardiac
event !25 d after PCI
v #90 d after PCI

Brichon
et al.
200634

R 32 (1999–2004) 32 pts–all
BMS

!30 d 22%
30–60 d 53%
61–90 d 25%

Lobectomy 84%
Pneumonectomy

16%

ASA plus
clopidogrel

Periop heparin
34% (ASA
discontinued)

Periop heparin/
ASA 66%

Clopidogrel
stopped in all
pts 7–10 d
before surgery

1 pt: postop MI (31 d
after BMS)–no PCI

1 pt: postop MI (90 d
after BMS)–no PCI

1 pt: postop MI (44 d
after BMS)–PCI, then
MI and death

CS " case series; CR " case report; R " retrospective study; P/O " prospective/observational study; L " letter.
BMS " bare-metal stent; DES " drug-eluting stent; LAD " left anterior descending artery; LCx " left circumflex artery.
PCI " percutaneous coronary intervention; ASA " aspirin; APT " antiplatelet therapy; LMWH " low molecular weight heparin; ACT " anticoagulation therapy; MI " myocardial infarction;
Thieno " thienopyridine; SES " sirolimus-eluting stent; PES " paclitaxel-eluting stent; UFH " unfractionated heparin; RCA " right coronary artery; OM " obtuse marginal artery; ENT " ear,
nose, throat; GYN " gynecological; GU " genitourinary; GI " gastrointestinal.
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Table 2. Percutaneous Coronary Intervention with Drug-Eluting Stents and Noncardiac Surgery

Study author
Type of
study

No. of patient/
date

Type of
PCI

Time from
PCI to

surgery Surgical procedures
Antiplatelet

therapy

Perioperative
management of
dual antiplatelet

therapy

Outcome and time
to adverse cardiac

event

Fleron et al.
200325

CR 1 (2003) 2-SES 3 mo Mastectomy Dual APT with
ASA/
clopidogrel
for 3 mo–
course
completed

Clopidogrel/
ASA stopped 9
d prior to
procedure

MI and cardiogenic
shock postop

Auer et al.
200426

CR 1 (2003) 1 BMS
(RCA)

12 wk Orthopedic 6-mo course
ASA/
clopidogrel

Dual APT
discontinued
after 3 mo of
therapy (length
of cessation not
reported)

MI occurred 2
hours postop–
PCI performed:
both PES
occluded and
recanalized; BMS
patient–no
therapy needed

McFadden et
al. 200427*

CS 4 (2004) 2 pts: 1
SES

2 ptt: 1
PES

331–442 d Urologic
General
GI endoscopy

ASA plus
clopidogrel

1 patient with SES:
stopped dual
APT

other 3 patients
stopped
clopidogrel,
taking ASA only

Stent thrombosis
and MI occurred
in all 4 patients
4–14 d after
discontinuation
of ASA/
clopidogrel (4–5
d postop)

PCI performed with
successful
recanalization in
all 4 cases

1 patient also had
BMS which was
patent

Nassar et al.
200528

CR 2 (2004) 1 pt: 2 SES
(RCA)

1 pt: 1 SES
(LAD)

4 mo
21 mo

Excisional biopsy
supraclavicular
node

Total hip
replacement

Clopidogrel 1
mo; lifetime
ASA

Not reported

ASA stopped 10 d
prior

ASA stopped, but
time not
reported

2 hours postop:
cardiogenic
chock–emergent
PCI, recanalized
occluded RCA-
SES, patient died
4 d later

11 d postop:
cardiogenic
shock, PCI
performed with
canalization to
LAD-SES

Herbstreit et
al. 200531

CR 114 (2004–2006) Not
specified

1 mo Vascular ASA plus
clopidogrel

Platelet transfusion
(2 pooled
concentrates)
prior to
neuraxial block

No complications

Charbuchinska
et al. 200632

CS 15 (18
procedures)

2006

7 pts: PES
7 pts: SES

1–12 mo
1 pt: 2

PES !
1 SES
3 pts: not

reported

Vascular All taking ASA
preop; 14
taking
clopidogrel
preop

ASA stopped
before 3
procedures
(7–10 d)

Clopidogrel
stopped before
10 procedures
(3–28 d)

LMWH begun 5 d
before 14
procedures

Death due to sepsis
with peak
troponi n " 11.53
mcg/L (SES
implanted for 6
mo; ASA only
continued)

Two pts with
troponin leaks,
but no other
abnormalities

No complications in
11/15 pts, no
excess bleeding

(Continued)
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Table 2. Continued

Study author
Type of
study

No. of patient/
date

Type of
PCI

Time from
PCI to

surgery Surgical procedures
Antiplatelet

therapy

Perioperative
management of
dual antiplatelet

therapy

Outcome and time
to adverse cardiac

event

Broad et al.
2007143

CS 3 (2006) 1 pt: PES
(1st Dx),
BMS (LAD)

49 d Parathyroidectomy ASA plus
clopidogrel

Clopidogrel
stopped 5 d
preop

No complications in
any patient

1 pt: PES
(LAD)

1 pt: PES
(RCA)

1 yr

33 mo

Microlaryngoscopy/
vocal cord biopsy

ENT/GU/Ortho

ASA plus
clopidogrel

ASA plus
clopidogrel

Tirofiban (GPIIb/
IIa inhibitor)
started 3 d
preop

Patient 3 previously
presented for
subacromial
decompression 18
mo after DES–
clopidogrel was
stopped, and the
patient suffered a
preop MI 7 d
after clopidogrel
stopped

6 h preop:
tirofiban/
heparin
discontinued

ASA continued
periop

Postop day 1:
clopidogrel
loading dose,
followed by
maintenance
dose thereafter

de Souza
200740

CR 1 (2006) 2 PES (1 LCx,
1 LAD)

29 mo Nephroureterectomy ASA plus
clopidogrel
for 1 yr,
then ASA

ASA stopped 10 d
preop

70 min in PACU:
ventricular
tachycardia, then
ST changes
indicating
posterior MI,
then cardiogenic
shock

PCI recanalized
thrombosed LCx
stent

Head et al.
200733

CR 2 (2006) 1 pt: PES (2-
RCA, 1-
OM)

8 mo Renal transplant ASA plus
clopidogrel

ASA plus
clopidogrel
stopped 7 d
preop

MI 1 hr postop–
PCI recanalized,
thrombosed RCA
stents

1 pt: 2 DES-
RCA,
2DES-LCx,
1 BMS-
PDA

No cardiac
complications;
patient suffered
significant
postoperative
bleeding

6 mo Kidney–pancreas
transplant

Lifelong ASA/
clopidogrel
therapy

ASA plus
clopidogrel
stopped 1 day
preop, ASA
resumed POD1,
clopidogrel
resume POD2

Chung et al.
200735

L 1 DES (LAD) 6 mo Cervical
medianoscopy

ASA plus
clopidogrel

ASA plus
clopidogrel
stopped 7 d
preop

Postop: emergent
PCI for LAD
thrombosis with
unsuccessful
canalization–
death ensued

Bakhru et al.
200636

R 114 (2004–2006) DES 11.4%: 90 d Not specified ASA plus
clopidogrel

ASA plus
clopidogrel
discontinued at
10 d in 77%

2 MI in 2 pts:
thrombosis not
seen by
catheterization

30.7%: 180 d
1 pt: 33 d
1 pt: 287 d

Compton et al.
200637

R 38 (2003–2006) 57% SES
43% PES

10% 0–30 d
26% 30–180 d
34% 180–

365 d
30% !365 d

28 pts: 34%
abdominal, 22%
vascular, 17%
urological, 27%
other

10 pts: minor
procedures

ASA plus
clopidogrel

78% major cases:
ASA continued

41% major cases:
clopidogrel
continued

94% minor cases:
ASA continued

39% minor cases:
ASA continued

No thrombotic or
bleeding
complications

(Continued)
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stopped clopidogrel after the recommended dura-
tion for dual-antiplatelet therapy (3 mo for
sirolimus-eluting stents; 6 mo for paclitaxel-eluting
stents). When clopidogrel alone was discontinued,
the median time to an adverse clinical event was 30
days (range, 14 – 690 days). In comparison, if both
aspirin and clopidogrel were stopped, the median
time to an adverse clinical event was 7 days (3–150
days, P ! 0.0001). Forty-two percent of events
occurred in relation to a surgical procedure in which
dual-antiplatelet therapy or clopidogrel alone were
discontinued. The morbidity and mortality rates
were 92% and 8%, respectively. There was no dif-
ference in occurrence between sirolimus- and
paclitaxel-eluting stents. The authors recommended
the perioperative continuation of aspirin.

THE PERIOPERATIVE DILEMMA
Patients with coronary stents, particularly DES,

who subsequently present for noncardiac surgery,
pose a particular challenge during the perioperative
period. Clinicians must balance the risks of discon-
tinuing antiplatelet drugs and increasing the possibil-
ity of perioperative stent thrombosis, MI, and cardiac
death against continuing clopidogrel and aspirin, thus
increasing the potential for surgical bleeding, which in
certain cases may be life-threatening. Patients who

discontinue dual-antiplatelet therapy prematurely
have higher rates of rehospitalization and mortality
when compared with those who continue therapy.46

Surgery performed early after DES implantation is
associated with a significantly increased incidence of
perioperative MI and death, regardless of whether
clopidogrel and aspirin are continued.47,48 Moreover,
a patient may complete the recommended 12-mo
duration of antiplatelet therapy yet still be at risk for
perioperative stent thrombosis, MI, and death. Some
institutions treat patients with dual-antiplatelet
therapy for 12–24 mo, and in cases where there are
additional stent complexities and comorbidities (Table
3), clopidogrel and aspirin are continued indefi-
nitely.4,47,49 This complicates management since
60%–70% of patients are receiving DES for “off-label”
or unapproved use (Table 3), which further increases
the risk of catastrophic stent thrombosis, MI, and
death.33,50–54 Chassot et al. contend, based on the
currently available data, that the risks of withdrawing
patients from antiplatelet drugs are greater than con-
tinuing them, imposing a perioperative cardiac death
rate that is increased 5- to 10-times.55

Surgical intervention creates a prothrombotic and
proinflammatory state conducive to development of
perioperative stent thrombosis. The stress response to
surgery includes sympathetic activation and cytokine

Table 2. Continued

Study author
Type of
study

No. of patient/
date

Type of
PCI

Time from
PCI to

surgery Surgical procedures
Antiplatelet

therapy

Perioperative
management of
dual antiplatelet

therapy

Outcome and time
to adverse cardiac

event

Vichova et al.
200738

PRegist 215 (2003–2007) 175 BMS
156 DES

DES 6–12
mo

BMS 4 mo–
16 yr s

Not reported ASA plus
clopidogrel

6 " 4 d preop:
ASA stopped in
26% and
clopidogrel
stopped in 24%

3.25% (7 pts)
developed stent
thrombosis and
MI, death
occurred in 5 of
these patients; ST
occurred in both
types of stents

4.65% (10 pts) died
within 60 d after
surgery

Varani et al.
200741

CR 1 (2006) 1 PES
(LAD)

47 mo Right hip
arthroplasty

ASA plus
ticlopidine

Ticlopidine
stopped 5 d
preop

Anterior MI–PCI
recanalized
thrombosed LAD
stent; BMS in OM
branch patent

Schouten et al.
200742

PRegist 192 (1999–2005) 48% BMS
52% DES

Within 2 yr
of PCI

Abdominal 16%
Vascular 16%
Ophtho 12%
Urologic 13%
Ortho 12%
Other 31%

ASA plus
clopidogrel

30 (16%): early
surgery #
occurring before
dual APT
completed

162 (84%): late
surgery #
occurring after
dual APT
completed

Early surgery
group: 13.3% had
MI or death (all
had APT #
30.7% event rate)

Late surgery group:
0.6% had MI or
death

CS # case series; CR # case report; R # retrospective study; P/O # prospective/observational study; L # letter; P Regist # prospective registry; BMS # bare-metal stent; DES # drug-eluting
stent; LAD # left anterior descending artery; LCx # left circumflex artery; PCI # percutaneous coronary intervention; ASA # aspirin; APT # antiplatelet therapy; LMWH # low molecular weight
heparin; ACT # anticoagulation therapy; MI # myocardial infarction; Thieno # thienopyridine; SES # sirolimus-eluting stent; PES # paclitaxel-eluting stent; UFH # unfractionated heparin; RCA #
right coronary artery; OM # obtuse marginal artery; DX # diagonal; PDA # posterior descending artery; GU # genitourinary; POD # postoperative day; PACU # postanesthesia care unit.
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release that promote shear stress on arterial plaques,
enhanced vascular reactivity conducive to vasospasm,
reduced fibrinolytic activity, increased platelet activa-
tion, and hypercoagulability.56,57 Significant increases
in platelet counts may still be observed a week
postoperatively.58 While procoagulant clotting fac-
tors increase, fibrinolysis is impaired, producing a
hypercoagulable state, which persists for several
days postoperatively.8,59 This environment far exceeds
the prothrombotic state observed in acute coronary
syndromes (ACS) in the absence of any surgical stimula-
tion.60 Inflammatory activation from endothelial damage,
during both PCI and surgery, exacerbates the prothrom-
botic state, worsening the susceptibility for thromboem-
bolic events. Autopsy results have shown this mechanism
is responsible for at least half of all perioperative MIs.48,61

Despite this milieu, surgeons often stop all antiplatelet
drugs preoperatively, regardless of their patients’ co-
morbidities, to minimize intraoperative bleeding.

Withdrawal of oral antiplatelet drugs is an inde-
pendent predictor of mortality in patients with ACS
and those at risk for coronary artery disease (CAD).62,63

Abrupt cessation of aspirin results in a rebound phenom-
enon, whereby both cyclooxygenase-1 and thromboxane
B2 (the product of thromboxane A2 [TxA2] hydrolysis)
levels increase rapidly, not returning to baseline for
3–4 days.64 Complete recovery of platelet function
occurs in half of patients by day 3, and 80% of patients
by day 4.65 These patients subsequently generate
increased levels of thrombin and decrease fibrinolysis,

further enhancing platelet aggregation and worsening
the risk for perioperative stent thrombosis, MI, and
death. Collet et al. prospectively studied 1358 patients
admitted with ACS and found a two-fold increase in
both death and death/MI among recent withdrawers
compared with chronic users and nonusers.66 Recent
withdrawers comprised 5% of the patients who pre-
sented with ACS, having interrupted aspirin mono-
therapy !3 wk of admission. Of this group, 57.5% had
known CAD, and 64% had discontinued aspirin for
scheduled surgery. Multivariate analysis found aspi-
rin withdrawal to be a strong independent predictor
(OR " 2.02, P " 0.003) of mortality and death/MI at 30
days. Aspirin interruption was also found to be an
independent predictor for bleeding events (OR " 2.6,
P ! 0.01). Ferrari et al. found, in 383 patients with
established CAD hospitalized with recurrent ACS,
13.3% of events occurred 10.9 # 1.9 days (range, 4–17
days) after abrupt aspirin withdrawal.67 Ten (20%)
patients developed thrombosis of a BMS implanted
15.5 # 6.5 mo earlier, which accounted for 50% of the
ST-segment elevation MIs (STEMIs) diagnosed. Aspi-
rin was interrupted in 20 patients (40%) for minor
surgery or dental treatment. Biondi-Zoccai et al. per-
formed a meta-analysis of 50,279 patients at risk for
CAD and found aspirin nonadherence/withdrawal
was associated with a three-fold increase in the risk of
death and MI (OR " 3.14, P " 0.0001).63 The risk was
significantly higher in patients with intracoronary stents
(OR " 89.78, P ! 0.001). Although the data from these

Figure 1. Diagram of the pathophysiology of
acute perioperative stent thrombosis.
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studies are not specifically from perioperative patients, it
is likely applicable. The loss of aspirin’s protective effect
during the hypercoagulable perioperative state confers
an increased risk of stent thrombosis not fully appreci-
ated by clinicians.

Recent studies suggest that clopidogrel may pro-
vide antiinflammatory protection, further attenuating

the thrombotic process.68 Abrupt withdrawal may
result in a proinflammatory and prothrombotic state.69

After 12 mo of dual-antiplatelet therapy in diabetics
with DES, significant increases in platelet aggregation
(P ! 0.0001) and inflammatory biomarkers (P ! 0.05
for C-reactive protein, P ! 0.001 for P-selectin) were
measured 1 mo after clopidogrel withdrawal.70 This
may have serious perioperative implications, particu-
larly for surgical patients with additional risk factors
for stent thrombosis.

IMPACT OF ASPIRIN AND CLOPIDOGREL ON
PERIOPERATIVE BLEEDING

The impact of aspirin on surgical bleeding has
been primarily studied in cardiac and vascular
surgery.71–77 Although preoperative aspirin may
increase chest tube drainage and re-exploration
rates in cardiac surgery, these clinical end-points
were observed with larger doses (!325 mg), pro-
longed duration of cardiopulmonary bypass, lack of
antifibrinolytic use, and emergent/urgent surgery
without a difference in operative mortality
rates.78 – 80 Tuman et al. evaluated the influence of
preoperative aspirin versus placebo on patients
undergoing reoperative coronary artery bypass
graft (CABG).81 No significant difference was found
in mediastinal drainage, re-exploration, or blood-
component transfusion between the two groups.
Further, the timing of the most recent aspirin inges-
tion did not impact blood loss. In patients undergo-
ing “off-pump” CABG, there was no difference in
blood loss between aspirin users and nonusers.82

Others advocate using 75–150 mg of aspirin, since
these smaller doses reduce morbidity and mortality
and have less risk of perioperative bleeding.80,83,84

The peri- and postoperative protective effects of
aspirin have been well documented in vascular sur-
gery.74–77 Perioperative aspirin significantly improves
long-term peripheral bypass graft patency.74,75 Low-
dose aspirin (75 mg/d) started preoperatively appears
to have a protective effect against transient ischemic
attacks and stroke in patients undergoing carotid
endarterectomy.76 Burger et al. performed a review
and meta-analysis of the surgical and interventional
literature to determine the risks of low-dose aspirin
withdrawal versus the bleeding risks associated with
aspirin continuation.77 Aspirin withdrawal preceded
10.2% of acute cardiovascular syndromes (MI, stroke,
peripheral arterial occlusion, cardiac death). Although
aspirin increased the incidence of bleeding by a factor
of 1.5, it did not increase the severity or perioperative
morbidity/mortality, except in intracranial surgery
and, possibly, transurethral prostatectomy, where in-
creased bleeding may be life-threatening. The authors
recommended discontinuing aspirin only if the risk of
bleeding complications exceeds the cardiovascular
risks of aspirin withdrawal. Whether aspirin increases
blood loss in noncardiovascular surgery is not well

Figure 2. Time from discontinuation of clopidogrel (tri-
angles) and of clopidogrel and aspirin (squares) to an
adverse clinical event [death, myocardial infarction (MI)]. The
time axis is in logarithmic scale. Bars " medians. Reproduced
from Artang R, Dieter RS. Analysis of 36 reported cases of late
thrombosis in drug-eluting stents placed in coronary arteries.
(Reprinted with permission from Elsevier Limited. Am J Car-
diol 2007;99:1039–43; Fig. 1, page 1041.)

Table 3. Risk Factors for Perioperative Stent Thrombosis with
Drug-Eluting Stents

Stent(s) implanted in the left main coronary artery
Stent(s) implanted in bifurcations or crossing arterial

branch points
Greater total stent length (multiple stents and/or

overlapping stents)
Heightened platelet activity (surgery, malignancies,

diabetes)
In-stent restenosis
Left ventricular dysfunction
Localized hypersensitivity vasculitis (possibly to the stent

polymer or antiproliferative drug)
Penetration by stent into necrotic core
Plaque disruption into non-stented segment
Renal failure/insufficiency
Diabetes
Resistance to antiplatelet medications
Inappropriate discontinuation of antiplatelet drug therapy
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studied, and the data are conflicting, with increased
bleeding observed only in specific procedures.85–90 In
their review, Merritt and Bhatt concluded aspirin
monotherapy should be continued in elective noncar-
diac surgery.91

The likelihood of increased bleeding and/or an
increased requirement for blood transfusion in pa-
tients undergoing major noncardiac surgery while
taking clopidogrel has largely been inferred from the
cardiac surgical literature, which contains conflicting
data.92 Patients who remain on clopidogrel and aspi-
rin while undergoing CABG, particularly within days
of the scheduled procedure, have a significantly
higher incidence of perioperative bleeding, re-
exploration, blood-component transfusion, and ex-
tended intensive care/hospital stays.83,93–100 Although
Yende et al. reported a higher incidence of re-
exploration for bleeding in patients receiving clopi-
dogrel preoperatively (9.8% vs 1.6%, P ! 0.01), no
significant difference in bleeding, transfusion require-
ments, and perioperative mortality was found among
patients receiving clopidogrel/aspirin/heparin versus
aspirin/heparin alone.93,96,101,102 Of the 2072 patients
who underwent CABG in the Clopidogrel in Unstable
Angina to Prevent Recurrent Events study, there was
an overall 1% excess of severe bleeding.103 Patients
who stopped clopidogrel "5 days before CABG did
not have significant bleeding, but a trend towards
increased postoperative bleeding was observed
among patients who stopped clopidogrel within 5
days of CABG (9.6% vs 6.3% in the placebo group,
relative risk ! 1.53). Additional studies of on- and
off-pump CABG report significantly increased blood
component-transfusion rates without increased
morbidity/mortality in patients receiving clopi-
dogrel.94,95,104 However, other studies of blood prod-
uct transfusion have found transfusion itself to confer
a significant long-term survival disadvantage. Koch et
al. reported significant reductions in both early and
long-term survival in patients receiving a periopera-
tive blood transfusion with CABG.105,106 The 10-yr
survival rate among patients transfused with 1 U of
red blood cells was 63% versus 80% in nontransfused
patients (P # 0.0001). One may extrapolate that each
additional unit of transfused blood products further
decreases long-term survival.

There is little evidence to define the true impact of
continuing thienopyridines on bleeding in noncardiac
surgery, and the information available remains anec-
dotal and inconsistent.91,107 When compared with
aspirin alone, the combination of clopidogrel and
aspirin increases the absolute risk of major bleeding
by 0.4%–1.0%.108–111 Chapman et al. described a case
in which dual-antiplatelet therapy caused massive
hemorrhage during elective abdominal aortic aneu-
rysm repair.112 Two other cases of severe bleeding
during carotid endarterectomy have been reported.113

Both patients were taking clopidogrel and aspirin. In a
multicenter registry, Vichova et al. reported an 18.6%

postoperative bleeding complication rate; aspirin and
clopidogrel had been withheld in 26% and 24% of
patients, respectively.38 After transbronchial biopsy,
Ernst et al. reported an 89% bleeding rate in patients
taking clopidogrel versus 3.4% in patients not receiv-
ing antiplatelet therapy.114 However, bleeding was
controlled endoscopically and no transfusions were
administered. A study conducted by Payne et al. in
healthy volunteers found after 2 days of treatment
with clopidogrel 75 mg and aspirin 150 mg that there
was a significant 3.4-fold increase in bleeding time.115

The authors suggested the combination of these drugs
carried a significantly increased risk of surgical bleed-
ing. In contrast, the same authors found that neither
surgical bleeding nor transfusion rates increased dur-
ing carotid endarterectomy in patients pretreated with
clopidogrel and aspirin.116 On the contrary, a benefi-
cial and significant reduction in transcranial Doppler-
determined incidence of emboli was demonstrated. If
antiplatelet therapy is discontinued, the risk of bleed-
ing decreases; however, if antiplatelet therapy is dis-
continued #10 days before surgery, there is still an
increased risk, although this remains ill-defined.1,7,9

Multiple case reports and series found similar bleed-
ing and transfusion frequencies regardless of the dual-
antiplatelet regimen administered.3,6,7,42 Schouten et
al. found transfusion was required in 24% of patients
continuing and 20% of patients who discontinued
antiplatelet therapy (P ! 0.50).47 Further, there was no
difference in the number of units transfused between
the two groups. In their review, Chassot et al. reported
that perioperative clopidogrel use increased surgical
bleeding and transfusion rates by 50% without con-
comitant increased morbidity and mortality, except in
intracranial surgery.55 Moreover, they report a com-
plication rate of red blood cell transfusion of only
0.4%, and mortality due to massive surgical blood loss
of !3%. In procedures where blood loss can be
controlled easily, there may be no indication to stop
antiplatelet drugs.92,117

Despite concerns regarding perioperative bleeding,
data suggest postoperative clopidogrel confers a pro-
tective effect against MI, stroke, and death. The Clo-
pidogrel versus Aspirin in Patients at Risk of Ischemic
Events trial indicates clopidogrel monotherapy was
more effective than aspirin alone in reducing the
combined risk of ischemic stroke, MI, and vascular
death in high-risk patients with previous CABG (rela-
tive risk reduction 8.7%).118,119 Fewer gastrointestinal
side effects were observed with clopidogrel than with
aspirin monotherapy.

CURRENT RECOMMENDATIONS FOR PERIOPERATIVE
MANAGEMENT OF PATIENTS WITH CORONARY
ARTERY STENTS

At present, there is no definitive standard of care
for the management of surgical patients with coronary
artery stents.47 Evidence-based medicine currently
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fails to identify the optimum perioperative antiplatelet
regimen in these patients, particularly those with DES.
Ultimately, registries and prospectively studied pro-
tocols are critical to determine the safest management
strategies and provide evidence-based recommenda-
tions. Education of surgeons and anesthesiologists, as
well as development of well-publicized institutional
policies and perioperative management guidelines,
are paramount to understanding the perioperative
risks associated with coronary stents and to prevent-
ing catastrophic stent thrombosis.120,121 In a survey of
anesthesiologists, 63% were unaware of recommenda-
tions regarding the appropriate length of time be-
tween stent placement and a subsequent surgical
procedure.120 Thirty-six percent of the respondents
recommended no delay or a 1–2 wk interval between
PCI and stenting, which is clearly insufficient regard-
less of the stent type implanted.

The 2007 AHA/ACC/Society for Cardiovascular
Angiography and Interventions/American College of
Surgeons/American Dental Association Science Advi-
sory concluded that premature discontinuation of
dual-antiplatelet therapy markedly increases the
risk of catastrophic stent thrombosis, MI, and
death.11,92 They recommend postponing all elective
procedures for which there is a significant risk of
bleeding until dual-antiplatelet therapy is com-
pleted (Table 4).92 However, if patients with DES are
“to undergo subsequent procedures that mandate discon-
tinuation of thienopyridine therapy, aspirin should be
continued if at all possible and the thienopyridine re-
started as soon as possible after the procedure because of
concerns about late stent thrombosis.”92 Aspirin should
also be continued perioperatively in patients with
BMS.92 Additional guidelines for prophylactic PCI
and stent implantation are included in Table 4.11,92

Similar recommendations have been published in mul-
tiple other publications, including the ACC/AHA 2007 Peri-
operative Guidelines for Noncardiac Surgery.10,11,43,47,55,121–126

However, Chassot et al. and others contend dual-
antiplatelet therapy is the cornerstone for stent thrombosis
prevention, and the risk of discontinuing clopidogrel
and aspirin preoperatively outweighs the benefit of
reduced hemostasis, especially in patients with proce-
dural complexities and comorbidities, which place
them at higher risk for developing stent thrombosis
(Table 3).43,55,121 In their recent publication, the au-
thors emphasized the importance of continuing aspi-
rin throughout the perioperative period, except in
instances when surgery is performed in a closed space
(intracranial surgery, posterior chamber of the eye,
spinal surgery in the medullary canal).55 Chassot et al.
also recommend postponing elective surgery for 3 mo
in patients with BMS, whereas the 2007 ACC/AHA
Guidelines state elective surgery should be performed
between 6 and 12 wk after BMS, when restenosis
begins to occur.4,55

Although case reports and series of perioperative
management of patients with DES have been pub-
lished, there are no universally accepted guidelines.
The anesthesiologist, as perioperative physician,
can play a pivotal role in ensuring patient safety.
Early preoperative identification and use of a mul-
tidisciplinary team approach to guide perioperative
management is essential.11,54,92,121,126,127 Important
aspects of the preoperative assessment are included
in Table 5. Many advocate simply the perioperative
continuation of clopidogrel and aspirin whenever
possible.50,127,128 In 2006, a French task force
comprised of cardiologists, anesthesiologists, hema-
tologists, and surgeons published perioperative
management guidelines.124 Although the task force
emphasized total withdrawal of dual-antiplatelet
therapy exposes patients to an undue risk of stent

Table 4. Duration of Antiplatelet Therapy and Timing of
Noncardiac Surgery

Dilatation without stenting: 2–4 wk of dual-antiplatelet
therapy

Surgery postponed for 2–4 wk (vital surgery only)
PCI and BMS: 4–6 wk minimum of dual-antiplatelet

therapy
Elective surgery postponed !6 wk, but not for more than

12 wk, when restenosis may begin to occur
PCI and DES: 12 mo of dual-antiplatelet therapy
Elective surgery postponed for !12 mo
In patients in whom coronary revascularization with PCI

is appropriate for mitigation of cardiac symptoms and
who need elective noncardiac surgery in the subsequent
12 mo, a strategy of balloon angioplasty or BMS
placement followed by 4 to 6 wk of dual-antiplatelet
therapy is probably indicated

Aspirin: lifelong therapy, whichever is the
revascularization technique

(From 2007 AHA/ACC Science Advisory and Society of Cardiovascular Angiography DES Task
Force Recommendations for Timing of Noncardiac Surgery after PCI and 2007 ACC/AHA
Recommendations for Preoperative Coronary Revascularization and Chassot P-G, Delabays A,
Spahn DR. Perioperative antiplatelet therapy: the case for continuing therapy in patients at risk
of myocardial infarction. Br J Anaesth 2007;99:316–328).
PCI ! percutaneous coronary intervention; BMS ! bare-metal stent; DES ! drug-eluting
stent.

Table 5. Preoperative Evaluation in Patients with Coronary
Artery Stents4,78

Determine the type of stent(s): BMS, SES, PES
When were stent(s) implanted?
Determine location of stent(s) in coronary circulation
How complicated was the revascularization (longer length,

overlapping stents)
Were there any complications during the revascularization

(i.e., malapposition)?
Is there a previous history of stent thrombosis?
What antiplatelet regimen is being followed?
Determine patient’s comorbidities, if any, to further ascertain

level of risk (ejection fraction, diabetes, renal insufficiency, see
Table 3)

What is the recommended duration of dual-antiplatelet
therapy for that specific patient?

Consultation with an interventional cardiologist, or
preferably, patient’s cardiologist to elucidate procedural
complexities, review current antiplatelet management,
and discuss optimal patient management strategy

BMS ! bare-metal stent; DES ! drug-eluting stent; PES ! paclitaxel-eluting stent; SES !
sirolumis-eluting stent.
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thrombosis and advised the continuation of aspirin,
they recommended the substitution of flurbiprofen,
a reversible nonsteroidal antiinflammatory drug
(NSAID), and low molecular weight heparin
(LMWH) in surgical procedures with excessive
hemorrhagic risk.124,125 The substitution of nonse-
lective NSAIDs and LMWH for dual-antiplatelet
therapy is controversial and there is no scientific
evidence to support their efficacies in preventing
perioperative stent thrombosis, as ACS has been
reported with this practice.3,10,11,55,66,124,127,129 The
concomitant use of nonselective NSAIDs and aspi-
rin significantly increases cardiac morbidity and mortal-
ity in patients with CAD and the incidence may be even
higher in patients with coronary stents.130–132 Nonselec-
tive NSAIDs competitively inhibit aspirin binding to the
serine residue at position 530 by binding to the catalytic
site of cyclooxygenase-1.132 Collet and Montalescot con-
tend there are no good alternatives to clopidogrel and
aspirin.10

Although heparin therapy is often used periopera-
tively for thromboembolic prophylaxis, it does not
have antiplatelet properties and is not protective
against stent thrombosis.10,127 Further, “heparin re-
bound” occurs after abrupt cessation of an unfraction-
ated heparin (UFH) infusion.133 Vicenzi et al. described
an association between perioperative heparin therapy
and increased cardiac morbidity and mortality among
patients with coronary stents.3 During UFH infusion,
increases in thrombin and platelet activity have been
measured and persist for many hours after an infusion
is discontinued, whereas any protective anticoagulant
effect declines rapidly because of the short half-life of
UFH.134,135 Webster et al. found that the administra-
tion of UFH significantly and transiently increases
platelet aggregation despite chronic aspirin therapy
(150 mg/d) in patients undergoing carotid endarter-
ectomy or lower extremity angioplasty, persisting into
the immediate postoperative period136 (Fig. 3). This
effect may account for ischemic events observed when
UFH is used to treat ACS.135–137 Xiao et al. reported
most ischemic cardiac events occur 9.5 h after stop-
ping UFH.135 However, when UFH was used in com-
bination with aspirin and a glycoprotein (GP) IIb/IIIa

platelet inhibitor in the treatment of ACS, Théroux et
al. reported a lower incidence of death and MI at 7
days, 30 days, and 6 mo.137 The authors reported
major bleeding did not increase in patients receiving
heparin alone or in combination therapy. McDonald et
al. reported that preoperative LMWH was associated
with significantly increased postoperative bleeding
and reexploration in cardiac surgery.138 However, the
INTERACT (Integrilin and Enoxaparin Randomized
Assessment of Acute Coronary Syndrome Treatment)
trial suggested enoxaparin, when compared with
UFH, reduced perioperative blood loss during CABG
and reduced the incidence of death and MI by 39%
over a 2.5-yr period.139,140 Di Nisio et al. found abrupt
cessation of enoxaparin results in rapid increases in
prothrombotic activity with maximum levels mea-
sured 12 and 24 h after discontinuation.141 Xiao et al.
found minor elevations in platelet activation associ-
ated with LMWH.135

Brilakis et al. recently summarized treatment
options for patients with DES: (1) continue dual-
antiplatelet therapy throughout the perioperative
period for patients at low risk of bleeding; (2)
implement “bridging therapy,” in which a short-
acting GP IIb/IIIa inhibitor (tirofiban or eptifi-
batide) or thrombin inhibitor, or both, is substituted
for clopidogrel during the perioperative period; or
(3) discontinue clopidogrel preoperatively, restart-
ing it as soon as possible postoperatively.121,142

Although empiric and without evidence-based data
supporting its efficacy, multiple institutions use
bridging therapy to prevent perioperative stent
thrombosis.46,55,92,126,127,143,144 GP IIb/IIIa inhibitors
have been favored since this platelet receptor is the
pivotal mediator for platelet aggregation and
thrombus formation (Part I, Fig. 1).145 Exposure to
the vascular subendothelium activates the receptor,
causing a marked affinity for fibrinogen and von
Willebrand factor, the principal adhesive macromol-
ecules responsible for crosslinking platelets by bind-
ing adjacent GP IIb/IIIa receptors.146 This facilitates
platelet aggregation, the final common pathway for
platelet plug and thrombus formation. The development
of GP IIb/IIIa inhibitors (abciximab, eptifibatide, and

Figure 3. Platelet aggregation in response to
arachidonic acid (5 mmol/L) in patients under-
going carotid endarterectomy at time points A,
preoperative, at admission to hospital; B, after
induction of anesthesia but before skin incision;
C, after skin incision and soft tissue dissection
but before heparinization; D, 3 min after heparin
was administered, before insertion of shunt; E, 3
min after shunt opening; F, at the end of surgery,
after flow restoration; G, 4 h postoperatively; and
H, 24 h postoperatively but before the next dose of
aspirin. Reproduced from Webster SE, Payne DA,
Jones CI, Hayes PD, Bell PR, Goodall AH, Naylor
AR. Antiplatelet effect of aspirin is substantially
reduced after administration of heparin during
carotid endarterectomy. J Vasc Surg 2004;40:463–8;
Fig. 1, page 465.
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tirofiban) was integral in preventing thrombus forma-
tion and improving outcome in patients with ACS,
particularly patients with non-STEMI.147 In addition to
preventing platelet aggregation, these inhibitors (1) dis-
place fibrinogen from GP IIb/IIIa receptors and (2) block
signaling processes, which further prevents secretion,
clot retraction, and prothrombotic activity.148 GP IIb/IIIa
inhibitors are more potent than the combination of
aspirin and a thienopyridine.149

Broad et al. in 2007 published a series using bridging
therapy in three patients undergoing elective noncardiac
surgery 49 days to 33 mo after DES placement.143 Aspi-
rin was continued throughout the perioperative period.
All three patients stopped clopidogrel therapy 5 days
preoperatively and were admitted for bridging
therapy with tirofiban and heparin 2 days later.
Both infusions were continued for 3 days until
midnight, the day before surgery. Each surgery
proceeded uneventfully, and either clopidogrel
(postoperative day 1) or tirofiban (4 h postopera-
tively) was resumed. There were no cardiac or
bleeding complications reported. More recently
published protocols, including from the Cleveland
Clinic, recommend bridging therapy with GP
IIb/IIIa inhibitors primarily (1) in patients who have
not completed dual-antiplatelet therapy and (2) in
patients whose stent complexities and comorbidities
significantly increase their risk for developing cata-
strophic stent thrombosis and its sequelae50,55,126,127,144

(Table 3). Tirofiban and eptifibatide are administered
parenterally, have half-lives !2 h, and are eliminated
by renal clearance.146,150 The infusion rate is reduced
by half in patients with reduced renal function (serum
creatinine "2.0 mg/dL or creatinine clearance !50
mL/min). Platelet function returns to 60%–90% of
normal after the infusion is stopped for 6–8 h.

Reversible P2Y12 receptor antagonists are undergo-
ing clinical trials, and may prove to be of value
perioperatively (Part 1, Fig. 1).151–157 Cangrelor is a
parenteral, reversible direct P2Y12 inhibitor whose
half-life of 5–9 min allows 100% recovery of platelet
function 1 h after the infusion is discontinued.153,158 A
4 !g ! kg#1 ! min#1 infusion achieves complete platelet
inhibition when measured at 4 min.152 Rabbat et al.
suggest that cangrelor may play a role in bridging
therapy.50 AZD6140 is an oral, reversible direct P2Y12
receptor antagonist. It provides more rapid and com-
plete platelet inhibition than clopidogrel.151,153,157

AZD6140 has a half-life of 12 h, making it effective in
the perioperative setting.157 Current trials have found
similar rates of bleeding.156 Phase III trials are cur-
rently evaluating the efficacy of AZD6140 versus
clopidogrel in patients with non-STEMI or STEMI
elevation ACS.159

Although success with bridging therapy has been
reported, prospective studies are necessary to validate
it as a viable management strategy. Opponents argue
bridging therapy is (1) expensive, (2) logistically dif-
ficult, (3) exposes patients to risks associated with a

prolonged hospitalization, and (4) confers no protec-
tion against intraoperative stent thrombosis.121,127 Re-
suming clopidogrel or a GP IIb/IIIa inhibitor as soon
as possible postoperatively is paramount to protecting
against stent thrombosis when the risk is great-
est.121,127 Brilakis et al. recommend a postoperative
600 mg initial dose of clopidogrel, which reduces (1)
the time to achieve maximal platelet inhibition (2 vs 6 h
with a 300 mg initial dose), and (2) the frequency of
hyporesponsiveness to clopidogrel, particularly in pa-
tients whose platelets are activated secondary to surgical
intervention.121,142,160–164 However, anesthetic drugs me-
tabolized by CYP3A4 may irreversibly inhibit this isoen-
zyme and prevent the conversion of clopidogrel to its
active state, modulating its antiplatelet effect.165–169

Midazolam irreversibly inactivates CYP3A4 after me-
tabolism to 1-hydroxymidazolam.165–168 Midazolam
also exerts antiplatelet activity, the mechanisms of
which are not fully elucidated; whether this counter-
acts clopidogrel modulation is unknown.170,171 Com-
petitive (reversible) inhibitors, drugs that may not
prevent clopidogrel activation, of CYP3A4 include
fentanyl, alfentanil, and propofol.172–174

If a patient presents for surgery with aspirin and
clopidogrel inadvertently stopped by their surgeon or
another physician, some advocate administering 325
mg of nonenteric coated aspirin the day of surgery,
and delaying the procedure until later that day.144,175

Theoretically, the patient should have antiplatelet
effects within 2 h secondary to the rapid absorption of
aspirin.144,175,176 A single dose of 160 mg has been
shown to completely eliminate platelet TxA2 produc-
tion; however, this may not be the case in patients
with aspirin resistance.130–132,176–181 Others have sug-
gested administering aspirin 325 mg for 3–5 days to
achieve a steady-state, which may overcome issues
with resistance.144

MANAGEMENT OF PATIENTS WITH CORONARY
ARTERY STENT THROMBOSIS

When stent thrombosis occurs, it acutely manifests
as a STEMI or a sudden malignant dysrhythmia, and
must be treated with immediate reperfusion to avoid
a transmural MI due to the abrupt interruption of
coronary blood flow in a myocardial region that is
neither collateralized nor preconditioned by recur-
rent chronic ischemia.14,121,142 Thrombolytic therapy
(IV or intracoronary) is significantly less effective than
PCI in treating stent thrombosis and restoring myocar-
dial perfusion.120,182 Administration of thrombolytic
therapy is often prohibitive in the perioperative period.
Therefore, primary PCI is the definitive treatment for
perioperative stent thrombosis and restoration of coro-
nary stent patency.55,121,144,183–186 Surgical procedures
should be performed in institutions where 24-h inter-
ventional cardiology is available to provide immediate
and emergent intervention.55,121,144,183–186 PCI carries
an increased risk of bleeding when performed early
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after surgery because antiplatelet and antithrombin
drugs must be administered during the procedure.3,121

However, Brilakis et al. state that the only medications
necessary for patients with an acute coronary stent
occlusion who have an increased bleeding risk are
aspirin and at least one dose of an antithrombin
(heparin or bivalirudin).121,142 Berger et al. performed
a retrospective analysis of 48 patients with acute MI
occurring within 1 wk postoperatively.187 All patients
received aspirin and heparin with immediate PCI.
Despite the high frequency of cardiogenic shock and
cardiac arrest in this study population, the survival
rate was 65%. Only one patient developed signifi-
cant bleeding at the operative site (patient with a
knee replacement). Patients who had undergone
craniotomies and thoracic surgery were included in
this series.

Postoperative management should include admission
to a higher-acuity unit with continued electrocardiogram
monitoring and cardiology surveillance.142,184 Routine
monitoring of cardiac biomarkers would be useful
in detecting myocardial injury, recurrent ischemia,
and for risk stratification, and should be drawn
before emergent transfer to the cardiac catheteriza-
tion laboratory.55 Elevated perioperative troponin
levels are statistically significant independent pre-
dictors of morbidity and mortality 1 yr after sur-
gery.185 However, the occlusive nature of stent
thrombosis, and continuing myocardial necrosis,
may quickly lead to hemodynamic instability, ven-
tricular arrhythmias, cardiogenic shock, or cardiac
arrest, necessitating emergent PCI.186

CONSIDERATIONS FOR REGIONAL ANESTHESIA
FOR PATIENTS WITH CORONARY ARTERY STENTS

In patients with coronary artery stents, particularly
DES, the use of regional anesthesia (RA) must be
carefully considered. RA, particularly neuraxial block-
ade, attenuates the hypercoagulable perioperative
state by blunting the sympathetic response.188 –191

Systemic absorption of local anesthetics provides
antiplatelet effects by blocking TxA2 and decreasing
platelet aggregation.192–194 These benefits may be ad-
vantageous, and RA may seem the safest choice in
certain situations.31 However, the potential for stent
thrombosis with discontinuation of antiplatelet drugs
and potential coagulation abnormalities must be taken
into account when considering RA, particularly in
patients considered higher-risk50,55 (Table 3).

It is generally interpreted from the 2003 American
Society of Regional Anesthesia (ASRA) guidelines that
the thienopyridines and dual-antiplatelet therapy are
contraindications to neuraxial anesthesia or peripheral
nerve blockade in noncompressible regions that can-
not be observed for bleeding.195 The actual risk of
spinal hematoma is unknown in this population,
although case reports of this unfortunate complication
in the presence of antiplatelet and antithrombin drugs

have been described.195 Although the ASRA recom-
mends discontinuing clopidogrel 7 days and ticlopi-
dine 14 days before RA; they also state, “Variances
from recommendations may be acceptable based on
the judgment of the responsible anesthesiologist195.”
Following the guidelines confers no guarantee that
neuraxial anesthesia will be free from bleeding com-
plications.195–199 In fact, only about one-third of pa-
tients who developed neuraxial hematoma in a large
series of spinal and epidural anesthetics had any
coagulation abnormality.200 Aspirin alone does not
appear to increase the risk of neuraxial hematoma,
and does not appear to interfere with the performance
of neuraxial blockade.195,199,201 However, the concur-
rent use of UFH or LMWH increases the risks of
bleeding and neuraxial hematoma in the presence of
aspirin monotherapy.195,202,203 In patients receiving
LMWH prophylaxis alone, the current ASRA guide-
lines recommend delaying neuraxial blockade at least
10–12 h after the last LMWH dose. Patients receiving
higher doses will require delays of at least 24 h to
assure normal hemostasis at the time of needle place-
ment.195 Although there is small or very limited risk
associated with neuraxial blockade in the presence of
subcutaneous UFH treatment alone, ASRA does not
consider this treatment a contraindication to
neuraxial blockade or catheter placement.195 How-
ever, in patients who have received UFH for !4
days, a platelet count should be obtained to exclude
heparin-induced thrombocytopenia.195 For patients
receiving bridging therapy with eptifibatide or tiro-
fiban, 8 h must elapse before a neuraxial blockade
can be performed.195,202,204

Although perioperative platelet transfusions have
been suggested in patients on dual-antiplatelet
therapy when RA is considered safest, this practice
cannot be justified.31,144,184,205–207 Transfusions are not
without risks.207 An adequate platelet count does not
reflect function, which may still be abnormal, preclud-
ing the performance of a regional anesthetic.207 There
are no clinically available tests, which accurately and
reliably assess platelet function. Theoretically, aphere-
sis platelets administered to patients with stents who
then receive clopidogrel and aspirin may not develop
antiplatelet effects to provide adequate protection
from stent thrombosis for hours to days.144 The ad-
ministration of platelets should probably be avoided,
except in instances of life-threatening bleeding.14,144 If
platelet administration is considered absolutely neces-
sary, Doyle et al. recommend waiting for 12 h (3
half-lives) after the last dose of clopidogrel (half-life of
clopidogrel is 4 h) when serum levels of the drug are
no longer detectable to ensure normal platelet func-
tion.14 However, Cornet et al. published a case series
of three patients with gastrointestinal bleeding or who
were scheduled for emergency surgery and who re-
ceived platelet transfusions shortly after BMS inser-
tion.208 Dual-antiplatelet therapy was discontinued in
one patient 14 h before transfusion, whereas the other
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two patients remained on clopidogrel and aspirin.
Stent occlusion was diagnosed 6–17 h after transfu-
sion by electrocardiographic criteria in the two pa-
tients still receiving clopidogrel and aspirin, and by
angiography in the patient whose antiplatelet therapy
was discontinued. In this series, thrombus formation
with donor platelets occurred in both the presence and
absence of dual-antiplatelet therapy, suggesting that
therapeutic serum levels of clopidogrel and aspirin
may not affect transfused platelets. Ex vivo studies
have shown that transfused platelets may not be
inhibited by the presence of adequate serum levels of
antiplatelet drugs.209 Both MI and PCI can activate
circulating platelets for at least 48 h, and their adhe-
sive function may also increase.210,211 Moreover, the
thrombogenic surfaces of stents may attract and acti-
vate donor platelets to a even greater extent than
endogenous platelets, further increasing the risk of
stent thrombosis, MI, and death.144,208

The dilemma with RA, particularly neuraxial
blockade, in patients with stents is that postopera-
tive PCI, with concomitant administration of anti-
thrombotic therapy plus GPIIb/IIIa inhibitors, cannot
be delayed to allow for catheter removal and prevent

spinal cord compromise. Performance of neuraxial in-
strumentation, whether a single-shot technique or in-
volving catheter insertion, significantly increases the risk
of a neuraxial hematoma in patients who must subse-
quently receive antithrombotic therapy with or without
GP IIb/IIIa inhibitors during PCI for acute stent throm-
bosis.203–205 The risk of spinal cord compromise in a
patient who will receive antiplatelet and anticoagulant
medication must be carefully balanced against the
need for immediate coronary revascularization.212 In-
dwelling catheters should not be removed in the
presence of therapeutic anticoagulation.195 If a surgical
patient requires PCI, catheters should be removed before
antithrombotic/antiplatelet/thrombolytic therapy, and
PCI must be undertaken urgently. Popescu et al.
recently described the postoperative management of
an indwelling thoracic epidural catheter in a patient
with postoperative right coronary artery DES throm-
bosis after aortic surgery.212 After confirmation of a
normal coagulation profile, the catheter was re-
moved, and the decision was made to delay PCI 2 h
to minimize the risk of an epidural hematoma. The
patient received eptifibatide and bivalirudin with
percutaneous transluminal coronary angioplasty,

Figure 4. Proposed algorithm for perioperative management of patients with bare-metal stents based on current literature.
*The 2007 ACC/AHA perioperative guidelines state, “it appears reasonable to delay elective noncardiac surgery for 4–6 wk
to allow for at least partial endothelialization of the stent, but not for more than 12 wk, when restenosis may occur.”
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and did not suffer any neurologic sequelae. Vigilant
and intensive monitoring of sensorimotor function
should be performed to detect any evidence of
spinal cord compromise. In the case described by
Popescu et al., neurologic examinations were con-
tinued for 48 h (every 2 h for the first day).212

Current ASRA guidelines recommend removal of an
epidural catheter 1 h before administration of UFH,
and 2 h before LMWH.195 The appropriate time
delay between catheter removal and clopidogrel
administration remains undefined. There are no
guidelines for catheter removal preceding bivaliru-
din or GPIIb/IIIa inhibitor administration.195,212

Douketis et al. recommend administering clopi-
dogrel or GP IIb/IIIa inhibitors 2–3 h after epidural
catheter removal. Although longer time delays have
been suggested,202,204,206 these increase the risk and
complications of postoperative stent thrombosis if
clopidogrel is withheld; this must be a mutual
decision between the anesthesiologist and cardiolo-
gist. There are no guidelines regarding peripheral
nerve blockade and catheters. Ultrasound-guided
blockade, with and without catheter placement,
may be safest in preventing potential bleeding
complications, particularly in the setting of dual-
antiplatelet therapy.213 Based on the current infor-
mation available, the decision to perform RA should

be made case-by-case, with consideration given to
all potential complications.184,207

CONCLUSION
The management of patients with coronary artery

stents during the perioperative period is an impor-
tant patient safety issue. Figures 4 and 5 present
recommendations based on the currently available
literature. Communication between the patient’s
cardiologist, surgeon, and anesthesiologist is essen-
tial to minimize the risk of catastrophic stent throm-
bosis, MI, and death. Elective surgery should be
avoided until the appropriate course of dual-
antiplatelet therapy is completed, as determined by
the patient’s cardiologist. Clinical judgment is of the
utmost importance in balancing the risk/benefit
ratio of dual-antiplatelet therapy interruption ver-
sus continuation. Aspirin should never be inter-
rupted unless the risk of bleeding far outweighs the
risk of stent thrombosis. Surgical procedures should
be performed where 24-h interventional cardiology
is available, as perioperative stent thrombosis
acutely results in cardiogenic shock/arrest requir-
ing emergent PCI. Although RA may provide some
antithrombotic protection, the potential risk of
bleeding complications must be carefully weighed

Figure 5. Proposed algorithm for perioperative management of patients with drug-eluting stents based on current literature.
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in these patients. Prospective studies to determine
the safest perioperative management are of para-
mount importance.
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